A Study of Sprinkler Uniformity Evaluation Methods by Dabbous, Baha
Utah State University 
DigitalCommons@USU 
All Graduate Theses and Dissertations Graduate Studies 
5-1962 
A Study of Sprinkler Uniformity Evaluation Methods 
Baha Dabbous 
Follow this and additional works at: https://digitalcommons.usu.edu/etd 
 Part of the Biological Engineering Commons 
Recommended Citation 
Dabbous, Baha, "A Study of Sprinkler Uniformity Evaluation Methods" (1962). All Graduate Theses and 
Dissertations. 1557. 
https://digitalcommons.usu.edu/etd/1557 
This Thesis is brought to you for free and open access by 
the Graduate Studies at DigitalCommons@USU. It has 
been accepted for inclusion in All Graduate Theses and 
Dissertations by an authorized administrator of 
DigitalCommons@USU. For more information, please 
contact digitalcommons@usu.edu. 
Appr.oved 
A STUDY OF SPRINKLER UNIFORMITY 
EVALUATION METHODS 
by 
Baha Dabbous 
A thesis submitted in partial fulfillment 
of the requirements for the degree 
of 
MAS TER OF SCIENCE 
In 
Irrigation and Drainage Engineering 
]?ia/.1or Professor 
He~e;a.J;n;eat-
Deifl of Graduate Studies 
UTAH STATE UNIVERSITY 
Logan, Utah 
1962 
ACKNOWLEDGMENT 
The writer wishes to express his sincere appreciation to 
Professor Jack Keller and Professor J. E. Christiansen for the help-
ful advice, as sistanc e, participation, and encouragement given by 
them during the research for and writing of this thesis. 
Recognition is given to Mr. Don Sisson and Floyd Burnett of the 
Statistic s Department for writing the digital computer program used 
in analyzing the data, and also Mrs. Priscilla A. Richins for typing 
this thesis. 
Acknowledgment is made to the University of California, 
Davis, for use of the test data. Also to both the Agricultural and 
Engineering Experiment Stations, Utah State University, for 
providing funds for computer services and printing of this thesis. 
The sponsorship of the Syrian Arab Republic and the American 
Friends of the Middle East, Inc. is deeply appreciated. 
A special indebtedness was incurred to the author's family 
for their support and guidance. 
Baha Dabbous 
11 
TABLE OF CONTENTS 
Chapter 
I. 
II. 
III. 
INTRODUCTION 
Objectives 
Assumptions 
Terminology 
REVIEW OF LITERATURE 
SPRINKLER TESTS 
IV. PROCEDURE .... 
Testing of individual sprinklers 
The process of superimposition. 
Sprinkler analysis digital computer program . . 
V. ANALYSIS OF DATA AND DISCUSSION 
Definition of terms 
Christiansen's uniformity coefficient 
The statistical uniformity coefficient 
Pattern efficiency . . 
Suggested new expres sions . 
Data analysis 
Discussion of results • • • • • • • II • • • • • 
Relationships between the statistical uniformity 
coefficient and Christiansen's uniformity 
Page 
1 
3 
3 
4 
6 
18 
23. 
24 
24 
29 
36 
36 
39 
42 
43 
44 
45 
coefficient . . . . . . . . . . . . • 45 
Relationship between pattern efficiency and 
Christiansen's uniformity coefficient .•.. 48 
Relationship between the minimum-four to 
maximum-four and Christiansen's uniformity 
coefficient • . . . . . . . • .. 50 
iii 
Chapter Page 
v . A.NAL YSIS OF DATA AND DISCUSSION (Continued) 
VI. 
Relationship between uniformity coefficient 
and area ratio . . . . . . . . . . . . 51 
Relationship between uniformity coefficient 
and lateral spacing ratio . . . . 58 
Five-foot offset versus. r~gular caE--
arrangement tests . . . . • . . • . 62 
Single-alternate ver sus standard sets ..•.. 65 
Uniformity coefficient meaning .. 0 • 67 
SUMMARY AND CONCLUSIONS 
Suggestions tor __ ,futur~e 'inve stigations . 
LITERATURE CITED 
APPENDIXES . 
Appendix A 
Appendix B 
Appendix C 
Appendix D 
iv 
76 
78 
80 
83 
84 
87 
97 
. 100 
LIST OF TABLES 
Table Page 
1. Summary of the sprinkler tests 22 
2. A 30 ft x 40 ft sprinkler pattern as obtained from 
test No. 102 by the superimposition method •••. 30 
.3. Spacing arrangements studied 47 
4. Analysis of sprinkler test data with regular and 
5-ft offset can arrangements • 63 
5. Analysis of single-alternate versus standard sets . 66 
6. Tests and _spacings used for determining percent of 
area receiving less than a given percent of mean for 
e u between 0.890 and 0.910 
7. Tests and spacings used for determining percent of 
area receiving les s than a given percent of mean for 
eu between 0.790 and 0.810 
8. Tests _and spacings used for determining percent of 
area receiving less than a given percent of mean for 
eu between 0.690 and 0.710 
9. Maximum application received by the lower 10, 20, 
and 50 percent of area for uniformity coefficients of 
0.90,0.80, and 0.70 ••..•• 
v 
74 
74 
75 
LIST OF FIGURES 
Figure Page 
1. Geometrical sprinkler patterns defined by Christiansen 8 
2. Arrangement of cans for sprinkler tests 1 to 122 
At Davis, California . . . . . • 19 
3. A!rangement of cans for sprinkler test 123 to 170 
At Davis, California. 0 • • • •• ••••••• 20 
4. Can-catch representation of test No. 102 
5. Schematic diagram of a 30 ft x 40 ft template 
6. Can-catch representation of test No. 102 with the 
30 ft x 40 ft template in three positions •..• 
7. Data presentation form of test No. 102 for input into 
computer . . 
26 
27 
29 
32 
8. The computer output, test No. 102, 30 ft x 40 ft spacing. 33 
9. Rearrangement of the computer output can-catch for 30 ft 
x 40 ft spacing of test No. 102 . • • . . . • • .• 34 
10. Flow chart of the computer program 
11. Can-catch for 30 ft x 40 ft spacing of test No. 102 
12. 
as presented for analysis 
Test data for simultaneously operated sprinklers 
with 90 ft x 100 ft spacing ...•. 
13. Statistical uniformity coefficient versus Christiansen's 
35 
38 
40 
uniformity coefficient for all tests 46 
14. Pattern efficiency versus Christiansen1s uniformity 
coefficient for all tests . . . . . • . . . • . . 49 
vi 
Figure Page 
15. Minimum-four versus Christiansen's uniformity 
coefficient for all tests 
Maximum-four versus Christiansen'S uniformity 
coefficient for all tests '.". 
17. Uniformity coefficient versus ratiQ fo sprinkler 
to circle of coverage areas for pattern A 
pattern 
18. Uniformity coefficient versus ratio of sprinkler 
to circle of coverage areas for pattern B 
pattern 
19. Uniformity coefficient versus ratio of sprinkler 
to circle of coverage areas for pattern D 
pattern 
20. 
21. 
22. 
23. 
24. 
Uniformity coefficient versus ratio of lateral spacing to 
average diameter of throw for pattern A 
Uniformity coefficient versus ratio of lateral spacing to 
average diameter of throw for pattern B 
Uniformity coefficient versus ratio of lateral spacing to 
average diameter of throw for pattern D 
Uniformity coefficient of 5-ft offset can arrangement 
for tests listed in Table 4 
Uniformity coefficient of single-alternate sets versus 
standard sets for the tests listed in Table 5 
25. Percent of mean catch versus percent of area receiving 
less than a given percent of mean for uniformity coefficients 
52 
53 
54 
55 
56 
59 
60 
61 
64 
65 
between 0.890 and 0.910 for tests listed in Table 6 70 
26. Percent of mean catch versus p_ercent of area receiving 
les s than a given percent of mean for uniformity coefficients 
between 0.790 and 0.810 for tests listed in Table 7 71 
27. Percent of mean catch versus percent of area receiving 
less than a given percent of mean for uniformity coefficients 
between O. 690 and O. 710 for tests listed in Table 8 72 
Vll 
Figure 
28. Idealized plot of perc ent of mean catch versus percent 
of area receiving less than a given percent of mean catch 
for uniformity coefficients of 0.90, 0.80, and 0.70 
Vlll 
Page 
73 
Chapter I 
INTRODUCTION 
The use of water in homes, on farms, by factories, and for 
recreational purposes has been increasing rapidly. Water use has 
doubled in the last three decades. By 1980, water use is expected 
to be double the current use (1). 
In arid and semi-arid regions, the practice of successful profit-
yielding agriculture often depends on irrigation. Irrigation is, in 
turn, dependent upon a water supply which is limited. The highest 
pos sible efficiency should be maintained if maximum utilization of the 
available water resources for irrigation is desired. Sprinkler 
ir rigation allow s, among other thing s, high water application 
efficiencies with good distribution uniformities. 
Uniform distribution of irrigation water throughout the root 
zone is an important characteristic of any irrigation system. 
Sprinkler irrigation has been found in many cases to provide a more 
uniform distribution of water in the soil than other methods of 
irrigation (13, 21). This is especially true on light soils with 
irregular topography. The use of properly designed sprinkler 
systems eliminates the dry zones which occur in the center of the 
space between furro\vs or corrugations and avoids deep percolation 
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10 s ses at the upper end of surface irrigation runs. 
T he sprinkler s used for the irrigation of field crops usually 
cover circular areas. Therefore, an absolutely uniform application 
is not possible. The degree of sprinkler uniformity is largely 
dependent upon the spacing of the sprinklers, wind velocity, pressure 
variations, speed and uniformity of rotation, nozzle shape, riser 
height, and lateral set-up (12). 
Many tests have been made to determine the uniformity of 
distribution (5, 12,17,20). Most sprinkler manufacturers maintain 
facilities for testing sprinklers. Work is continuously being done on 
the problem of imporving water distribution uniformity through adjust-
ments in the design and operational conditions. 
It is highly desirable that everything possible be done to assure 
good uniformity of distribution by sprinklers. To accomplish this, it 
is necessary to understand the factors affecting uniformity and to know. 
how it is measured. 
The factors affecting uniformity have been subjected to consider-
able research. They are discussed in many technical bulletins and 
publications (5, 10, 12, 13, 20). 
The concepts used in measuring the uniformity of water distribu-
tion are numerous (5, 6, 11, 12, 17, 20, 22). The lack of any 
standard index for their evaluation as well as the lack of detailed 
comparative studies of the different uniformity indexes has led to 
the undertaking of this study. 
Objectives 
The objectives of this study are: 
3 
1. To select the most widely used mathematical equations expressing 
the degree of water distribution uniformity v 
2. To develop a digital computer program for the execution of the 
superimposition technique and for the computation of the expressions 
of water distribution efficiency that are investigated in this study. 
3. To compare the expressions used and to find the relationships and 
correlations existing between them. 
4. To study the effect of different can arrangements on uniformity 
computations. 
5. To investigate the effect of alternating sets on distribution 
unif ormity. 
6. To suggest, if possible, some new concept that will help in deter-
mining the optimum spacing that is to be us ed. 
7. To make recommendations for a standard method in evaluating 
sprinkler test data as to uniformity of water distribution. 
As sumptions 
A properly designed sprinkler system should distribute water as 
uniformly as practical over the surface of the soil to supply the crop's 
root zone with the moisture needed. 
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The method used in this study for evaluating the unif'ormity of 
application was that of superimpo sition. T est data from the operation 
of a single sprinkler head was used to generate several desired 
sprinkler spacing patterns. 
The following set of assumptions were set in conjunction with the 
operational characteristics of the sprinklers: 
1. All sprinklers of identical design will have identical performance 
chara'cteristic s. 
2. In computing the can-catch of the different spacing combinations 
used, it is as sumed that the application rate will be below the 
water absorption capacity of the soil. Therefore, no runoff 
results. 
3. Evaporation losses and evaporation effects on uniformity are not 
taken into consideration. 
Terminology 
Some of the terms used in this study are defined as follows: 
Lateral spacing CSzL: The distance the lateral line is moved 
between subsequent lateral settings (distance between two 
lateral positions on the main line). 
Single-alternate sets: The operation of the laterals of a sprinkler 
system in the standard locations for the 1st, 3rd, 5th, etc. 
irrigations and offsetting 1/2 the moving distance for the 2nd, 
4th j 6th~ etc. irrigations. 
Sprinkler irrigation: An Irrigation method whereby water is 
applied as a spray over an area from overhead. 
Sprinkler irrigation efficiency: The ratio of the average depth 
of water applied to completely refill the root zone of the soil to 
the average depth of water applied. 
Sprinkler spacing (S1...~ .. :_ The distance between two adjacent 
sprinklers on the sprinkler lateral. 
Standard sets: The operation of the laterals of a sprinkler 
system in the same locations for every irrigation. 
Uniformity of distribution: The evenness with which water is 
distributed over an area as the lateral is moved ac ro s s the area. 
Chapter II 
REVIEW OF. LITERATURE 
6 
One of the main advantages of sprinkler irrigation is its ability to 
distribute irrigation water fairly uniformly over the area irrigated. 
Crop response is better under uniform distribution conditions (13). Un-
even distribution rrod-uces drought areas in some parts of the irrigated 
field that can only be overcome by the application of excess water, whi ch 
results inwast.eof water. Where salt accumulation is a problem, the 
parts of the field receiving less than the desired amount of water may 
have a high salt accull1ulation. 
Sprinkler ev.aluation tests with respect to water distribution uni-
forll1ity and water application efficiency were reported by some investi-
gators, probably starting with Wadsworth (19), who· proposed, in 1926, 
that test cans of uniforITl cross-section be placed at equidistant points 
along one radius of a circle to be covered. He stated that ..atthe_eria. 
gf a .given period, absolute equality of distribution was reflected by 
equal depths of water in the cans. Furthermore, the tests were to be 
run for several hours in a day, with little or no wind distrubance, 
before reliable conclusions could be reached. Wadsworth also suggested 
the use of equal diaITleter funnels which would drain into glass test tubes 
as a refinement of the test method. This refinement would allow a 
7' 
reduction of evaporation losses from the cans and the detection of minor 
inequalities of distribution. 
Staebner (17) ran extensive tests on bQJh American-made and Ger-
man-made sprinklers. A lack of standard procedure for analyzing and 
reporting the data was one of his main difficulties. Staebner judged 
the sprinklers tested on their ability to distribute water so that the 
maximum depth was not more than twice the minimum (except near the 
edge of the area covered). The optimum spacing of sprinklers for the 
best performance as well as overlap were not discussed. 
Christiansen (5) conducted a series of extensive and detailed experi-
ments on sprinkler irrigation between 1935 and 1940 at the University 
of California at Davis. He presented the results of the research in a 
detailed form in 1942. About 200 sprinkler tests were made on sprink-
lers of the types used on portable sprinkler systems to determine the 
uniformity of distribution for various spacings ~ and to determine the 
most desirable geometrical patterns ·and their relation to spacing. 
Christiansen introduced a numerical expression, which is called 
the uniformity coefficient, C u ~ for the purpose of cqmparing sprinkler 
patterns and determining the effect of various spacings on water distri-
bution. The uniformity coefficient expressed as a percentage is defined 
by the equation 
e u = 100 ( ~d 1 ~ mn ). (1 ) 
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vlhere 
d = deviation of individual observations from the mean 
m = mean of observations 
n = number of observations 
A uniformity coefficient of 100 percent will represent an absolutely 
uniform application; a lower percentage will represent a less uniform 
a.pplication. 
Christiansen defined six general cross-sectional patterns for 
v/ater distribution. The patterns were designated by the letters shown In 
Figure 1. These designations will be u sed in this study for defining the 
distribution patterns of the sprinkler s. 
D L 
C FI ~~---------~--~ ~. __________ ~I 
t-rc~---...:.-.- Diameter -----~>~~ 1 ..... -C~---- Di:ameter ----~~ ...
Figure 1. Geometrical sprinkler patterns defined 
by Christiansen 
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The patterns shown can be divided into two general groups: A, B, 
and C, for which the application decreases gradually toward the edge of 
the area wetted; and D, E, and F, for which the application is fairly 
uniform over most of the area covered. 
Christiansen summarized the results of his important study as 
follows: 
l. The uniformity of distribution of water from sprinklers varies 
greatly, depending upon pressure, wind, rotation of sprinklers, 
spac ing, and many other factor s. 
A nearly uniforrn application is possible with proper sprinkler 
patterns and with proper spacing of sprinklers. 
3. Approxirnately conical sprinkler patterns, where a maximum applica-
tion occurs near the sprinkler and decreases gradually to the edge 
of the area covered, Rroduce a uniforrn application when sprinklers 
are not farther apart than 55 to 60 percent of the wetted diameter 
covered. 
4. For wider spacings a pattern in which the application is uniforrn for 
some distance from the sprinkler, and then tapers off gradually, is 
better. However, the lTIaXilllUrrl uniformity obtainable decreases 
with the spacing for all spacings greater than 50 percent of the 
wetted diameter covered. 
5. With a portable system having sprinklers producing desirable 
patterl1.S, good distribution can be obtained when the lateral is 
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lTIoved not farther than 50 to 7 a pe rc ent of the di3.lTIeter cover ed 
by a single sprinkler, and when the sprinkler spacing along the 
lateral is not more than 35 percent of the diameter covered. 
In 1944, Shoenleber (14) reported the results of many tests on 
several types of individual sprinklers to determine their characteristics. 
No overlap was taken into consideration. One of his interesting findings 
was that the oscillating sprinkJe.rJj1l.~_._~9.':l~pped_~~.~_b- small_E.S?_zzles 
-------.--,~ -',--------.,-, .-- -- -- ,- ,. ,--.•. ,.--. 
consiste~_tly showed the highest uniformity. cgeffiS,i~~t for .,tb-_e.p.!.~,~~~!"es 
..--" ___ " ~ ,_~...........--~_--- ~ __ ._~_._~ •• ~ ____ ~ __ ~._ _.... ".~ _. _ •• ' -.-z.~~ . .,..,-~ __ 
used. His index of uniformity was Christiansen's coefficient of 
---------
uniformity. 
In 1947, Wilcox and Swa~_les (22) used a modified procedure for 
determining the uniformity coefficient as follows: 
where 
u = 100 100 SD 
M 
U = lTIodified uniformity coefficient 
SD = standard deviation of depths of water in cans 
M = mean of depths of water. 
This nUlTIerical expression was used in evaluating the effects of 
pressure, wind, spacing, and nozzle size on the uniforlTIity of 
...... ~.-- .. --.---
distribution. They suggest that a value of at leat 70 percent for this 
modified uniformity coefficient would be desirable. The author has 
(2) 
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adopted this modified uniformity coefficient as one of the expressions 
to be studiedo 
In 1949, the U. S. Soil Conservation Service (3) suggested a 
distribution curve with a steadily decreasing rate of water application 
from the sprinkler outward as being the most satisfactory type. 
In 1951, the American Society of Agricultural Engineers (2) 
proposed a set of recommendations for the minimum requirements 
for the design, installation, and performance of sprinkler irrigation 
equipmenL Section 4 of the recommendations reads as follows: 
4. Uniformity of water application 
"Since uniformity of water application is affected 
by both P!_~.§'",E3 .. y:r-.~ in the line and spacj,J}~ . ..Q.f spriJlkler s, 
recommendations for desirable operating pressures 
and spacings for different types of sprinklers and 
nozzle sizes shall be obtained from the sprinkler 
manufacturer. 
Differences in pressures at the sprinklers shall 
be kept to a minimum to as sure reasonable uniform 
distribution of water over the entire design area. 
A common rule, which should be adhered to as 
closely as practicable, is to limit pressure differences 
along a sprinker lateral to 20 percent of the higher 
pre s sure. 'I 
Wiersma (20) reported his study on factors affecting sprinkler 
patterns and application uniformity in the sis form in 1952. He 
investigated the influence s of wind velocity, type of sprinkler head, 
head of sprinkler above ground, 'pre s sur e at sprinkler, and sprinkler 
spacing on the uniformity of distribution. The_main conclusion of 
his study was that the uniforrn,ity of distribution is greatly affected 
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by pressure and wind velocity according to derived linear equations. 
Korven (10) reported in 1952, inve stigations concerning the influence 
of wind on uniforll1ity of application froll1 different TI1akes of rotary 
sprinklers at various spacings and pre ssures. He used the modified 
uniformity codfficient suggested by Wilcox and Swailes (22) as an 
index of application uniformity. 
In 1954, Molenaar and his associates (12) reported the results 
of their study on the water distribution patterns experienced with 
sprinklers and the factors which influence these patterns under actual 
field conditions. They used a uniformity coefficient, U, to compare 
the relative distribution performance for the sprinklers, expre ssed 
by the equation: 
2 
(xi - x) ) 
n - 1 
-~. 
n 
L 
i == 1 (3) 
x 
in which 
x = a mean value of xi 
xi == the value of individual volumes of water accounted 
for in cans at the grid points within a sprinkler 
spacing area. 
n == the number of grid points within the wetted area 
This coefficient is the same as that proposed by Wilcox and Swailes (22) 
and the author's statistical uniformity coefficienL One of the important 
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conclustions drawn from this study was that the pronounced effect of 
wind on the coefficient of unifor-rnity could be largely overcome by 
correct spacings of sprinkl:.~"~C~_ What constitued correct spacing was 
not specified. 
McDougald and Wilcox (11) presented in 1955 the results of their 
studies instituted to determine the relationship between the type of 
water distribution curve and the uniformity of water distribution when 
sprinkler sprays overlapo They found that the best type of distribution 
curve for general application was one showing a steady decrease in rate 
of water application froITl the sprinkler out toward the outer circumfer-
ence of water throw. They suggested a range coefficient, R, and a 
spacing coefficient, 5» for the evaluation of the uniformity of distribution. 
The range coefficient ~s represented by the formula: 
in which 
R - 200j}I ~ ~L 
H+L 
H - the highest value of can~catch 
L -- the lowest value of can~catch 
• (4) 
When R - 200 the lowe st value is zero~ and the range is at its maximum. 
When R :: 0 there is perfect uniformity of distribution. The spac ing 
coefficient, S, is expressed by the formula: 
5 100 VaE~:~ ~nc:ud~,ed in spacing 
d:<.aIneter of throw 
(5) 
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The Soil Conservation Service suggests a step-by-step procedure 
for evaluating sprinkler systeTI1 perforTI1anceo A nurnerical expression 
for evaluating sprink ler uniforlllity is also presented in Agriculture 
Handbook No. 82 (6). This expression is called pattern efficiency. 
It is expressed as a percentage by the formula: 
PE =: Average 25% TI11nlmUm can catch 
A f 11 h x 100 • • . verage 0 a can catc (6) 
In 1960, Hansen (7) proposed a numerical expression similar to 
Christiansen's uniformity co efficient that he called water distribution 
effitciency and defined by the expre s sion: 
Ed= • 100 ( 1 - ~) (7) 
where 
Ed::: water distribution efficiency 
y ~ average numerical deviation in depth of water 
stored from average depth stored during the 
irrigation 
d = average depth of water stored during the irrigation. 
w. E. Hart (8) studied the distribution characteristics of small 
sprinklers and the methods used in their evaluation. He suggested 
that the distribution of the can-catch in an overlapped sprinkler 
pattern follows a normal distribution function. 
Hart proposes that theoretically the interelationship existing 
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between Christiansen's uniformity coefficient and the uniformity 
coefficient of a normally distributed population (identical to that 
proposed by Molenaar (12), Wilcox and Swailes (22) and the author's 
statistical uniformity coefficient) to be as follows: 
s 
1 - o. 798 • • (8) 
x 
where 
UC h = HSPA uniformity coefficient 
s = standard deviation of sample 
x = average of observations 
Christiansen's uniformity coefficient was compared to the HSPA. 
uniformity coefficient using 2024 superimposed patterns. A. linear-
regression analysis resulted in the following: 
where 
C = u 
2 
0.0300 + 0.958 UCH (R = 0.888) 
R = correlation coefficient 
C = Christiansen's uniformity coefficient 
u 
Hart also proposed by theoretical analysis that the value of 
pattern efficiency has the following relationship to the uniformity 
coefficient of a normally distributed population: 
s 
PE = 1 - 1. 15 H x 
• (9) 
. (10) 
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where 
HSPA pattern- effic'iency . 
The SCS pattern efficiency was compa:r'ed to the HSPA pattern 
efficiency using 1558 superimposed patterns. A. linear-tegression 
analysis resulted in the following: 
2 
FE = 0.0782 + 0.0935 FEB (R = 0.914) . ( 11 ) 
where 
R = correlation coefficient 
FE = SCS pattern efficiency 
The high correlation coefficients indicated that FE and Cuare 
reliably estimated by FEH and UCH 
Keller and associates (9) state that higher application efficiencies 
can be obtained through alternate sets than through standard sets. They 
determined that for single-alternate sets, the uniformity coefficient 
after two irrigations becomes: 
c~= lO~ (12) 
where 
I 
C U = uniformity coefficient of single-alternate sets 
C u = uniformity coefficient 
Uniformity coefficients, using Christiansen's expression (5), of 
85 percent or greater are suggested as being acceptable by the Soil 
Cons ervation Servic e (15). 
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The U. S. Sprinkler Irrigation Association (23) suggests a uniformity 
coefficient of 84 percent, according to the Christiansen formula, as the 
criterion of adequate sprinkler performance. 
18 
Chapter III 
SPRINKLER TESTS 
Christiansen (5) ran tnore than 200 tests on sprinklers to investi-
gate the practicability of using sprinkler irrigation on field crops. The 
distribution of water application frotn cotntnercial sprinkler s with dif-
ferent geotnetrical patterns for various spacings and the other factor s 
affecting the uniformity of distribution were investigated. These tests 
were perfortned at the University of California in Davis. 
Christiansen made available sotne of his original test data for 
this study. Frotn these cotnprehensive data, 14 tests were selected 
for analysis. 
For tnost of these test, the sprinklers were operated for one 
hour. 
For the first 122 tests, the water was caught in No. 2_ 1/~ tin 
cans spaced five feet apart along the north-south and east-west ax:es 
-----~---
of the sprinkler and 10 feet apart over the entire area as shown in 
-------------------_ .. _------- - ----------
Figure 2. This set-up is designated by the figure 1 following the 
te st nutnber. 
For subsequent tests, an additional can was placed in the center 
of each square, one can being provided for each 50 square-feet as shown 
in Figure 3. This set-up is designated by the figure 2 following the 
test nUlTIber o 
• 
5 ft ..-.f ~ 
. . 
Figure 2. 
• • • 
• 
can • arrangement, 
. . . 
• @ • • • • • • 
• "'--Sprinkler 
• 
• 
• 
• • 
Arrangement of cans for sprinkler test 1 to 
122 at Davis, California 
• 
• 
The water caught was measured by means of a graduated cyl-
ipder to the nearest cubic centimeter, equivalent to 1/200 inch 
depth in the catch can. 
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Water was supplied from the domestic system at a pre§.a~~---
about 40 pounds per square inch. A booster pump was provided to 
-•.. -~-------------
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Altern~te c~n ar~ang~men~ (S-f~ Off~et)~ • 
X X X X X'X x x x y 
• 
X X X )< >< • X X 'X x )( )f 
X x x x X· x x x x x )( 
)( )( X x X X. X X K x x x 
x x x x x X· x X X X x )( 
5 ft ~ ~ X- x x K X·><. x. 'X x X 'X 
. . . . . . . @. . . ~ . . . . .. 
X X X X >< x . ~SPRnkl~ X X. )( 
10 ft I: x x x )I x x X x x X X )( 
X X X )( )( x ·x >( X X. X x 
. 
L x x: x. x K ·X x x x x X 5 f X. t. • 
1 x x x x >( x .>( x x x X. X 
X x X- x .>( .x. x x x X 
• 
K x. x: K· X X X X 
Figure 3. Arrangement of cans for s p TinkLe It ~.e.st si 123::i 0 
170 at Davis, California 
increase the pressure when desired. A one-inch calibrated water meter 
was used to measure the sprinkler discharge. 
The rate of sprinkler rotation was obtained continuously with a 
graphical recorder o The average !ate.._qf __ ~otation o(.L<2_to 20 revolutions 
.-"'_r.-------~·--- - . .~-' - ~~.,.-----.. -.---.----- .. -~,-.------~ 
was computed. The rate of rotation was plotted against the direction of 
the main nozzle to show the variability of rotation. 
r 
\ 
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A standard Weather Bureau type four-cup ~~~~meter was 
the tests are those obtained at that elevation. The direction of the 
wind was judged by the dislocation of the sprinkler pattern. 
A valve was provided in the line to regulate and maintain a 
constant sprinkler pre s sure of any de s ired amount up to the maximum 
available. 
Each test was plotted to a scale of one inch to 20 feet. Cross-
sections in both north- south and east-west directions show how intensities 
vary at different distance s from the sprinkler. The geometrical 
patterns of the sprinklers were identified from these cross-sections. 
Table 1 shows a summary of the tests used in this study. 
Table 1. Summary of the sprinkler tests selected for study 
Nozzle Operating Wind 
Test Sprinkler sizes pressure Discharge velocity 
no o de signation ( inch) ( psi) (gpm) (mph) 
100 G-l 5/16 x 7132 30 19.6 12.6 
101 G~1 5/16 x 17/32 40 22.4 9.8 
102 G-l 5/16 x 17/32 20 16.2 8.6 
109 I-I 7/32 40 1407 4.7 
113 I-I 5/16 40 22.6 5.6 
122 '"~ J-1 1/4 50 18. 0 5.9 
123 J-1 1/4 50 18.3 4.2 
131 B-2 9/32 x 3/16 45 19.2 2.5 
132 B-2 7/32 x 1/8 50 12. 0 2. 1 
135 C-l 9/32 x 1/8 50 19.2 2.8 
136 C-l 9/32 x 1/8 50 18.9 2.5 
137 C-l 9/32 x 1/8 30 14.7 6.9 
138 C-1 9/32 x 1/8 40 16.8 8.5 
139 C-1 9/32 x 1/8 40 16. 6 7.5 
.1, Pattern shapes after Christiansen (5) ',-
*;;;~ Irregular E pattern 
Area of 
Wind coverage 
direction (sq ft) 
SSE 9093 
S 9736 
SE 6643 
NE 8671 
WNW 9498 
SW 9754 
NNW 11588 
SW 4008 
W 11588 
S 13062 
SW 13873 
SW 8736 
SW 9056 
NW 11021 
Rate of 
rotation 
(rpm) 
.18-.23 
.17-.23 
.23-.27 
.83~1.15 
.65-1.20 
.80-LI6 
. 33~o 42 
41. 5 
.21-.36 
.23-.34 
,,18-.35 
022-.26 
.28- 035 
.23-.27 
Pattern 
shape':' 
1':<'::: 
I>;'~1:: 
A 
A 
A 
B 
B 
I;,:~ ~:~ 
B 
D 
D 
p:~~( 
I~:~ ~!~ 
D 
N 
N 
_. 
~. 
Chapter IV 
PROCEDURE 
Sprinkler distribution uniformity as well as other parameters used 
for sprinkler distribution evaluation are determined from actual preci_pJ-
tation observations. These observations are made within an array pro-
duced by a group of sprinklers whose spr_ays overlap to varying extents. 
The array may usually be developed in one of three ways. The first 
method is to place the sprinklers at the desired spacing. The second 
lllethod is to operate a single sprinkler and obtain its distribution pat-
tern. :Then, by a proces s called superimposition, the desired over-
iapped pattern may be determined. The third method is to operate one 
sprinkler lateral with several sprinklers and then, by the process of 
superimposition the catch in cans placed on one side of the lateral on 
the catch in cans placed on the other side of the lateral, obtain the 
desired overlapped pattern. 
Testing simultaneously operated sprinklers will probably yield the 
most accurate re suIts since the effect of field conditions existing at the 
time of the test are more nearly incorporated in the resulting desired 
array. Enough sprinklers m.ust be operated during the test s.o that all 
sprinklers contributing water, into the overlapped pattern are included. 
The advantages of this method are as follows: 
1. Fewer catch cans are required for this method as compared to the 
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individual sprinkler method, especially if wind is a factor. 
2. Since the number of cans required is relatively small, the measure-
ment and recording of water in the cans can be completed within a 
short period, 
The main disadvantage of this method is that only one spacing can 
be investigated for any test run. If another spacing is to be investigated, 
it would be necessary to change the set-up of the sprinklers for the 
desired spacing. This is time ~consuming and cumbersome, especially 
if several spacings are to be evaluated. 
Testing of individual sprinklers 
The main advantage of this method is that considerably less testing 
time is required. The major limitation of the single sprinkler method 3 is th",~~.~~LP8rinklers of a 2iven design will Eerfor~ 
1 ,identically. It would be an interesting further study to evaluate the 
l --
error involved in using this as sumption. 
The results from a single sprinkler test are used to provide perfor-
mance data for any desi~ed spacing by aCte~hni~~ of s~;"~'~~~ the 
sprinkler test data upon itself, This process was used in evaluating the 
performance of sprinkler tests used in this study. 
The process of superimposition 
There are many minor details that can be varied in carrying out the 
process of superimposition. The following method is a convenient and 
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simple precedure for producing a sprinkler pattern for any spacing with 
the data obtained from the operation of a single sprinkler. 
The sprinkler test data is first recorded to scale as a plan view on 
regular cross -section graph paper as shown in Figure 4. The spacing 
being considered is then represented by circles drawn on a transparent 
plastic sheet. These circles are spaced at the same scale as that used 
for representing the can=catch from the single sprinkler test. From 
here on the plastic sheet will be called the template. Figure 5 shows 
a template used for calculating the catch of a 30ft x 40 ft sprinkler 
spacing. 
It is neces sary that the template have enough circles so that all 
grid points from the test data fall within the template boundaries for any 
template position. One circle on the template is marked with a letter 
C for identifying an arbitrary starting point. 
The template is then placed over the sprinkler pattern data with the 
"circle C" over the sprinkler location. All grid points falling under 
the circles of the template are summed up. This summation represents 
the water application received by the catch=can located at the sprinkler 
during an entire irrigation at the template spacing. The sum is tabulated 
in the upper left hand corner of the 30 ft x 40 ft array. The template is 
then shifted one interval to the right (with C centered on the grid point 
adjacent to the sprinkler). The summation of all points falling within 
the template's circle s will be the as sumed water application received 
0 0 1 9 0 0 
t • 
0 19 33 46 34 2.5 0 0 
• .. , 
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0 21 33 57 58 36 38 25 0 
• • .. ~ 
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Figure 40 Can -catch repre sentation of test No, 102 
(Each number represents 1/200 inch of 
catch) 
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Figure 5. Schematic diagram of a 30 £t x 40 £t template 
by the area immediately to the right of the first reading. 
The proces s is repeated moving the template one interval to the 
right each time until it has been moved a distance equivalent to the 
spacing in that direction. This would be four tim.es for the 40 -ft 
spacing assuming the test data to be on 1 O-ft centers. If the template 
were moved a fifth time, the first summation would be repeated. 
The template is then moved one row below the sprinkler position 
with C centered over the grid point directly under the sprinkler loca-
tion. The procedure used for obtaining the assumed water application 
received by the cans of the sprinkler's row is repeated. The summa-
tions obtained are recorded in the second row of the 4 x 3 array. The 
proces s is repeated moving the template one interval down each time 
until it has been moved a distance equivalent to the spacing in that 
direction. This would be three time s for the 30 -ft spacing in that 
direction. If the template is moved a fourth time, the first summation 
would be repeated. 
To illustrate the technique of superimposition, consider the can-
catch of test No. 102 represented in Figure 4. To obtain a 30 ft x 40 ft 
pattern from the individual sprinkler pattern the template is shown (see 
Figure 6) with C placed over the sprinkler position. 
The procedure described in the previous section is followed and the 
sums are recorded in Table 2. The top left hand corner of the table is 
the location of one sprinkler. 
2lj 
0 0 1. 9 0 0 
, 
• Position 
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Figure 6. Can=catch representation of test No. 102 with 
the 30 ft x 40 ft template.in three positions 
(Each number represents 1/200 inch of catch) 
Templates for any desired spacings can be made. The basic pro-
cedure described herein can thus be adapted to obtain patterns for any 
spacing. 
Sprinkler analysis digital computer program 
~ wit~_FQrc_Q~ computer program was written to execute 
/ 
the lEEoces s of superimposition. The program was also designed to 
___________ .~."',~~<o_-~. ~~'._~.~~ __ ,._ .... 
compute the values of Christiansen's uniformity coefficient, the statis-
tical uniformity of distribution measure expressed as (I-coefficient of 
Table 2. A 30 ft x 40 ft sprinkler pattern as obtained from test 
No. 102 by the superimposition method 
46+73+21+1+ 34+64+54+1+ 19+25+57+57+ 33+43+55+40+ 
28+11+180 20+29=202 37+35=230 40=211 
=x = y 
58+17+34+37+ 21+36+48+38+ 33+38+61+43+ 57+25+52+45+ 
46=192 10+60=213 22+47=244 27=206 
= Z 
1+1+54+6+10 9+57+62+26+ 41+49+42+41= 62+68+38+49+ 
34+34+2=144 33+1=188 173 2=219 
variation), and the pattern efficiency for each spacing. (A listing of 
this program is pre sented in Appendix A.) The Fortran program was 
used on the IBM-1620 digital computer. 
The program will perform, with slight modifications, a similar 
process to the one described under the heading The process of super-
imposition. The input data is identified with .rows (i) and columns (j) 
subscripts. Each grid point wil1~ therefore, be identified with a row 
and a column identification number. Two ~digit fields are allowed for 
row identification and two-digit fields are allowed for column identifi-
cation. The identification numbers are followed by a field of three digits 
allowed for the data. 
One card was used for each data point. The input data cards were 
punched starting with the first column of the card. The sequence of 
presenting the data was to punch two digits for row identification fol-
lowed by two digits for column identification and then three digits for 
the data. A total of seven columns is necessary to represent the data 
of each grid point. When an identification number or a data number 
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occupied less digits than those allowed~ zeros were punched in the 
vacancies. 
A part of the data of test No, 102 is presented in Figure 7 as the 
input for the computer, The original test data (Figure 4) is filled in 
with zero grid points to form a complete square or rectangle. 
The computer starts the process of superimposition with the grid 
point at the first row and the first column. The same procedure as 
previously described is then followed. 
The deck of data cards is preceded by a header card that contains 
the test number, the number of rows~ the number of columns, the num-
ber of spacing arrangements considered (number of operations on data), 
and location of data field. A field of four digits is allowed for the test 
nwnber. The first three digits are assigned for the test number. The 
fourth digit contains the can arrangement identification number; the 
figure I for a regular can arrangement (Figure 2) and the figure 2 for 
the five -foot offset can arrangement (Figure 3). The number of rows, 
of columns 1 and of spacing arrangements being_ considered are each 
allowed a field of two digits. The location of data is a constant repre-
sented by the number 10730 as given in Figure 8. 
The deck of data cards is followed with a trail card for each 
sprinkler spacing arrangement considered. These trail cards contain 
the array identification number, row spacing, column spacing? and the 
number of grid points representing 25 percent of the produced array. 
1 2 3 4 
(0101000) 
1 • • • • 
(0204033 ) 
2 • • 
j 
5 
• 
6 
• 
7 
• 
8 
• 
9 10 
(0109000) 
• • 
(0208000) 
• 
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3 
(0302021) (0306036) (0310000) 
• • • • • • 
· 
4 (040~001) (0404062) 
• • • • 
(0408068) 
• • • • 
i 5 
(0502064) 
· 
6 (0603061 ) • • • 
(0701010) 
(0505073) 
® .. 
Sprinkler 
(0510001) 
· 
(0608045 ) 
.. 
· . 
(0705034) (0709034) 
7 • • • • • 
8 • 
(0803037) 
• • • 
(0807035 ) 
.. . . 
• 
9 (0904027 ) • • • (0907047) • • • (0910000 ) .. . 
(1001000) 
10 ' 
(1005002) 
.. . 
(1010000 ) 
· .. 
Figure 7. Data presentation form of test No. 102 for input 
into computer (only a part of the data is shown) 
The computer takes 12 minutes to analyze 19 spacing arrangements. 
A sample output is shown in Figure 8. The output is that of test No. 102 
for a 30 ft x 40 ft spacing. 
The 4 x 3 array shown in the output represents the precipitation 
caught in the cans. The computer starts the superimposition process 
with the catch at the first row and first column of the input data for the 
individual sprinkler te sL Therefore, the sprinkler position is not 
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1021 10 10 10730.000 
19 
1 3 4 3 
CELL TOTALS 
0001 142 188 173 219 
0002 11801 202 230 211 
0003 192 213 244 206 
TOTAL UNADJ SSQ NUM CELLS CT 
2400.0000 488228. 00 12 480000.00 
ADJ SSQ MEAN VARIANCE STANDARD DEV 
8228.0000 200. 00000 748. 00000 27.439588 
COEF VAR SUM ABS DEV RATIO 1 RATIO 2 
. 13674794 250. 00000 .89583340 .8632510 
PE 
.82500000 
Figure 8. The computer output, test No. 102, 30 ft x 40 ft 
spacing 
necessarily represented by the value shown in the first row of the first 
column of the printed output (Figure 8). 
To locate the catch at the sprinkler, one needs to know the original 
sprinkler position in the individual sprinkler test. The position of the 
sprinkler for test No. 102 is in the fifth row and the fifth column (Figure 
7 ). 
For a 40 -foot spacing in the horizontal direction, the catch at the 
sprinkler will be summed up when the template is placed over the first 
column (Figure 6). Therefore, the superimposed sprinkler can-catch 
will be in the first column. 
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For a 30-foot spacing in the vertical direction, the catch at the 
sprinkler will be summed up when the template is placed over the second 
row (Figure 6). Therefore, the superimposed sprinkler can-catch will 
be in the second row. 
Ordinarily, sprinkler can test data is presented as in Figure 9 with 
the sprinklers located in the co-rners. 
The computer output includes the mean, the coefficient of variation, 
ratio I, ratio Z, and FE. 
The mean is the average can-catch for the individual sprinkler 
test. Ratio I is Christiansen's uniformity coefficient. Ratio Z is the 
statistical uniformity coefficient represented by (I-coefficient of vari-
ation). FE is the pattern efficiency. 
Figure 10 shows a flow chart of the computer program. 
~Read, NDATA, MR, NR, FORMX~ 
Read, x(I, J), Data header ca.rd 
i 
Set counter 
I J = 0 
Read, NXPT, MIN, NIN, NA 
Trail card 
Compute, SUM(M, N)=2. x (I, J) 
SSQ=%x(I, J)2 
NUM=MIN~.cNIN 
CT=(£x)2/NUM 
AVG=2.x/NUM 
ADJSSQ=fx2 - (%.x)2 /NUM 
h VAR= ~ x
2 
_ (~x)2 INUM 
NUM~1 
SE = 'JVAR, CV= ~ 
AVG 
R2 = 1.0 - CV 
SUM DEV = ZI(x-x)1 
I.. I (x-x)l RI = 1.0 - x 
~ , 
NDATA 
MR 
NR 
FORMX 
NA 
NXPT 
MIN 
NIN 
NMIN 
NUM 
Rl 
R2 
PE 
Punch, TOT, SSQ, NUM, CT, ADJSSQ, 
AVG, VAR, SE, SUM DEV § RI, R2 
Find SMALLEST x(I, J), SUM(J, K) 
=0.0 Ih 
SUM(J, K)=SMX(I, J}+SUM(J, K) 
SET SMX(I, J)=99999 
Find next x(I, J) UP TO NMIN 
Punch, SUM(J, K)I AVG=PE 
J=J+I NO 
NO _ 
-
Is 
NA-J=O 
Test YE~ 
1-----31" ......... for last card 
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LEGEND 
= 
= 
= 
= 
= 
Experiment number 
No. of rows 
No. of columns 
Location of data field 
No. of operations on 
data 
= Operation code 
= Row increments 
= Column increments 
= No. of observations 
in smallest 250/0 grid 
points . 
= No. of observations 
= Uniformity coefficient 
= I -coefficient of vari-
ation 
= Pattern efficiency 
yES .... HALT 
Figure 10 0 Flow chart of the computer program 
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Chapter V 
ANALYSIS OF DA.TA AND DISCUSSION 
Probably, the three most used numerical expressions for 
evaluating sprinkler distribution uniformity are Christiansen's 
uniformity coefficient, the statistical uniformity coefficient, and 
pattern efficiency. 
Three additional numerical expressions are suggested for 
sprinkler distribution evaluation. The se are the rnaximurn four, the 
minimurn four, arid the five around the sprinkler. 
Nineteen square and rectangular arrangements of intermediate 
pressure sprinklers (30 - 60 psi) for four geometrical profile patterns 
are investigated. 
Definition of Terms 
The terms used in this study are defined as follows: 
Christiansen's uniformity coefficient. The uniforlllity 
coefficient expressed as a decimal is defined by the equation: 
Z- d 
mn 
( 13) 
where 
C
u 
= uniforn1.ity coefficient expressed as a decimal fraction 
d = absolute deviation of individual observations 'from 
the mean 
m = mean value of all observations 
n = number of observations 
An absolutely uniform application would be represented by a 
uniformity coefficient of 1 and ales s uniform application by 
some fraction less than one. 
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This formula is a volumetric measure of the distribution 
which has been widely accepted. At least two major sprinkler 
manufacturers use it to evaluate the characteristics of their 
products (7). 
The calculation of Christiansen's uniformity coefficient 
is relatively simple. As an illustration of its computation, 
consider test 102 with a 30 ft x 40 ft spacing. 
Given: 
therefore, 
d = 250 
m = 200.00 
n = 12 
= 1 -
250 e u (200) (12) 
L- 0.105 
= 0.895 
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In this study, the uniformity coefficients were computed from 
the arrays produced by the computer. Such an array is shown 
in,Figure 11 for test No. 102 with the location of the four 
sprinklers indicated by small rectangles. 
NORTH 
~ S2 = 40 ft :..1 
11801 202 230 211 D 
S 
1 = 
30 ft 192 213 244 206 
142 188 173 219 
D o 
Figure 11. Can catch for 30 ft x 40 ft spacing of test No. 102 
as presented for analysis. 
Many investigator s and sprinkler manufacturing 
companies make their uniformity coefficient computations 
from an array as shown in Figure 9. This is not justified 
in the case of obtaining the data for different spacing 
arrangements by superimposing the array of an individual 
sprinkler upon itself. The use of such an array will 
involve a certain error since the readings on the extreme 
north and south rows and the extreme east and west 
columns are identical. 
The case of simultaneously operated sprinklers is 
different. The actual array produced does, not have identical catch 
in the outmost cans placed between sprinklers and between laterals. 
To illustrate this pOlnt, Figure 12 represents the can-catch obtained 
from 3/8 in x 1/4 in nozzles simultaneously operated at a pressure 
of 60 psi and discharging 44.9 gpm. T he uniformity coefficient for 
this test is 80.54 percent. 
T he calculation of the uniformity coefficient, by taking into con-
sideration all outmost can-catch, would have a certain erroro The 
magnitude of this error depends on the spacing. To adjust for this 
error, the averages of the corresponding east-west and north-south 
outmost can-catch can be computed and used in calculating the 
uniformity coefficient. The adjusted e u using the average·s is 
81.70 percent. 
The statistical uniformity coefficient. Many investigators 
used the concepts of standard deviation and coeff~cient of variation 
in evaluating sprinkler distribution uniformity. 
According to Snedecor (16), the standard deviation is a 
measure of the spread or variation of individual measurements of 
a normally distributed populationo The coefficient of variation 
expresses the standard deviation as a fraction of the mean. 
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NORTH 
X 
· 38 .48 .77 .49 .46 .45 .48 .45 .28 X 
· 85 · 87 .83 .52 .41 · 39 .37 .28 .42 .54 .45 
· 68 · 66 · 52 . 68 .49 .42 .38 · 31 · 62 . 56 · 58 
· 54 .48 .49 .62 · 59 .52 .43 • 29 .55 . 53 · 51 
• 38 .45 .44 .51 .55 .63 .56 .35 • 39 .43 .33 
WEST EAST 
.35 
· 39 .36 .34 .49 · 57 .48 .41 · 39 . 31 . 35 
.40 .45 .42 .41 .45 .47 .43 .41 .38 .47 .54 
.63 .68 
· 60 .54 · 38 · 37 .39 .41 .49 .47 .45 
.44 • 54 .71 . 65 .45 .34 • 37 · 51 .49 .36 • 32 
X .38 
· 56 .61 · 37 · 38 .41 · 53 .47 .31 X 
SOUTH 
Figure 12. T est data for siTIlultaneously operated sprinkler s 
with 90 ft x 100 ft spacing. 
The statistical uniforTIlity coefficient is defined by the 
forTIlula: 
SC u = 1 - Coefficient of variation ...•.•. (14) 
\/~(x_rn)2 
V- n-I 1 - (15 ) SC u = 
m 
41 
n 2 
~ (x - m ) 
1 (16 ) 
where, 
sc u = statistical uniformity coefficient expressed as a 
decimal 
x = value of indiv idual volumes accounted for in cans 
at the grid points 
III = mean value of all observations 
n = number of observations 
T he calculation of the statistical uniformity coefficient is 
time-consuming. As an illustration of its computation, consider 
test 102 with a 30 ft x 40 ft spacing. 
Given: 
12 
( x - m ) = 8228 
1 
therefore, 
sc = 
u 
= 
m =: 2..00. 00 
n = 12 
8228 
1 -
('200)2 (12-1) 
8228 
(40000) (11) 
42 
= 1- o. 188 
= 1- O. 137 
= 0 0 863 
Pattern efficiencyo Pattern efficiency is a method proposed by 
Criddle and as sociate (6) for the evaluation of sprinkler distribution 
efficiency. It is based on the ratio of the average catch in 25 
percent of the cans receiving the least amount of water to the average. 
catch received by all the cans. Expressed as an equation: 
PE = Average 25% minimulll can-catch 
III 
(1 7) 
where 
PE = pattern efficiency expressed as a decilllal 
III = mean value of all observations 
As an illustration of the pattern efficiency computation, consider test 
102 with a 30 ft x 40 ft spacing. 
Given: 
III = -ZOO 
Sum of can-catch in minimulll 25% = 142 + 173 + 180 = 495 
average of 25% of minilllUlll can-catch = 415 = 165.00 
PE = 165.00 
200.00 
= 0 0 825 
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. Suggested new expressions.. The following three expressions were 
suggested recently by Professors J. E. Christiansen and Jack Keller 
of the Department of Civil and Irrigation Engineering at Utah State 
Univer sity: 
1. Maximum 4: This is defined as the ratio of the average catch of 
the maximum 4 adjacent cans to the mean catch. In equation 
f:a rm : 
Max 4 = average max catch in 4 adjacent cans. • .. • • • .. • • (18) 
m 
For the 30 ft x 40 ft spacing of test 102, we have: 
222 +230 + 211 + 206 :: 222.52 
4 
Max 4 = 222069. = 1" 113 
200.00 
2: Minimum 4: This is defined as the ratio of the average catch of 
the minimum 4 adjacent cans to the mean catch. 
Min 4 . ::: average min catch in four adjacent cans • 
m 
For the 30 ft x 40 ft spacing of test 102, we have: 
142 + 180 + 188 + 202 
4 
Min 4 = 178.00 = 200.00 
~ 178.00 
0.890 
3. Sprinkler 5: This is defined as the ratio of the average 5 catch 
cans (the sprinkler catch can a.nd the 4 catch cans on the axe s 
(19) 
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of the sprinkler and adjacent to it) to the mean catch. For the 
five-foot offset can arrangement, the four cans around the 
sprinkler location are considered. 
Spk 5 = average 5 catch cans around sprinkler 
m 
For the 30 ft x 40 ft spacing of test 102, we have: 
180 + 202 + 211 + 142 + 192 
5 
Spk 5 = 
Data analysis 
185.40 
200.00 
= 0.927 
= 185.40 
. (20) 
The review of the 1 iterature reveals that Christiansen's uniformity 
coefficient is probably the most widely used index for evaluating sprink-
ler distribution uniformity. However, the statistical uniformity coeffi-
cient and pattern efficiency are also extensively used. 
In this analysis the uniformity coefficient proposed by Christiansen 
will be considered as a standard against which other expressions are 
compared. 
The spacing arrangements considered in this study are list~d in 
Table 3. The analysis for the tests with regular and five'-foot offset 
can arrangements ~ are presented in Appendix B. 
The distribution uniformity of test data obtained from regular catch 
can arrangement were compared with test data obtained from alternate 
-45 
catch can arrangement (five =foot offset) . The results are presented 
later in this chapter. 
The data with regular catch can arrangement are analyzed to 
investigate the effect of single=alternate sets of water distribution uni-
formity. The uniformity coefficients for single ~ alternate sets were 
obtained from the coefficients of standard sets. After two irrigations, 
a sprinkler system with some lateral spacing (S2) will have a uniforrnity 
coefficient corresponding to a system having half the original lateral 
spacing (S2/2)' In this case~ the sprinkler spacing on the lateral is con-
stant. Similarly, a sprinkler system with sorne sprinkler spacing (Sl) 
will have a uniformity coefficient corre sponding to a system h~ving half 
the original sprinkler spacing (Sl/2). In this case, the lateral spacing 
is constant. 
The last step of analyzing the data consisted of determining the 
percentage area receiving les s water than a given percent of the mean. 
Discus sian of results 
Relationship between the statistical uniformity coefficient and 
Christiansen I s uniformity coefficient. To evaluate the relationship 
between these two expressions, corresponding values obtained from 
19 spacing arrangements used on 1 7 tests were plotted as shown in 
Figure 13. 
A curved line is fitted approximately to the points. An absolutely 
-..-I 
~ 
E 
• .-l 
U 
Q) 
"0 
~ 
U 
U'j 
1.0", 1 
0.8 
SC = ~ 0.25 + 1.25 C ~ .. ~}: U U .• 
.. 'J.. ~~::" ,. 
00.6 
004 
~ c 
0.2 
o 
o 0.2 0.4 0.6 0.8 100 
~ (decimal) 
Figure 13. Statistical uniformity coefficient versus Christiansen's 
uniformity coefficient for all tests. 
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Table 3 ~ Spacing arrangements studied 
Array identification Sprinkler spacing~ SI (ft) x S2(ft) 
number Rectangular Square Rectangular 
01 30x40 
02 40x40 
03 40x50 
04 40x60 
., 
~ 
05 40x70 ~ 
06 40x80 
07 40x90 
08 40xIOO 
09 50x50 
10 60x50 
11 60x60 
12 60x70 
13 60x80 
14 60x90 
15 60xIOO 
16 70x70 
17 80x80 
18 90x90 
19 100xl00 
uniform distribution will have a value of 1 ~ 000 for both expres sions, 
therefore, the line pas ses through (1, 1). The equation of the straight 
line portion of the curved line .(SCu = 0.400) is: 
SCu = ~ O. 25 + 1. 25 C u 0 • • (21 ) 
TransforTIling this equation into another form we have: 
1 - six = = 0.25 + 1025 C 8.. 0 • • 0 . . . (22) 
u 
simplifying: 
C = u 
1. 25 
1. 25 1.25 x 
1 - O. 80s Ix . 0 . . (23 ) 
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Equation 18 is approximately equal to the theoretical equation 8 derived 
by Hart (8). 
For a Cu of 0.80 we have a corresponding value of SCu of: 
SCu = - O. 25 + 1. 25 (0.80) = - O. 25 + 1. 00 
SCu = 0.75 
A uniformity coefficient of 0.80 is generally considered to be 
the lower limit of acceptable distribution. Therefore, an approximate 
value of 0.75 for the statistical uniformity coefficient would correspond 
to the lower limit of acceptable distribution. 
The statistical uniformity coefficient always gives smaller values 
than the corresponding values of the uniformity coefficient. This is the 
case since in the statistical uniformity coefficient the sum of squares 
of the deviations is taken into consideration rather than the sum of the 
absolute deviations. 
Relationship between pattern efficiency and Christiansen I s uniformity 
coefficient. To evaluate the relationship between these two expressions, 
corresponding values obtained from 19 spacing arrangements used on 
17 tests were plotted as shown in Figure 14. 
A curved line is approximately fitted to the points. The line must 
pas s through the points (l ~ 1) for an absolutely uniform distribution 
(PE = 1. 00 and Cu = 1. 00). The equation of the straight line portion 
of the curved line (PE = O. 300) is: 
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Figure 14. Pattern efficiency versus Christiansen's uniformity 
coefficient for all tests. 
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FE = -0.45 + 1.45 S:t • • • (24) 
Transforming this equation into another form we have: 
PE = -0.45 + 1.45 (1 - 0.80 six) (25) 
simplifying: 
FE = 1. 00 - 1. 16 s Ii. • • • • • • • • (26) 
Equation 22 is approximately equal to equation 10 obtained by Hart (8). 
For a C u of 0.80, we have a corresponding value for FE of: 
FE = -0.45 + 1045 (0.80) = - 0.45 + 1.60 
FE = 0.710 
There;for~, a pattern efficiency of approximately .. O. 710 would cor-
respond to the lower limit of acceptable distribution (C u of O. 80). The 
variation of this value ranges from O. 680 to O. 780. The range is det-
ermined from the lower and upper curve envelopes of the plotted 
points. 
Relationship of minimum-four, maximum-four to Christiansen's 
uniformity coefficient. The minimum-four is an index showing the 
smallest amout of water application. This corresponds to an area 
of 400 square feet. 
The maximum-four is an index showing the largest amount of 
water received by four adjacent cans with respect to the- .mean water 
application. This corresponds to an area of 400 square feet. 
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Figures 15 and 16 show graphical representations of the minimum-
four and maximum-four respectively as compared to Christiansen's uni-
formity coefficient. The upper and lower envelopes drawn show the 
general trend of the relationship. 
For a uniformity coefficient of 0.80, the corresponding values 
of the minimum-four ranges frolTI 0.48 to 0.85, whereas the correspond-
ing values of the maximum=four ranges from 1. 20 to 1. 60. 
The scatter of the points is very high. This scatter probably 
results from considering a constant number cans for all spacing arrange-
ments, which does not represent a set percentage of area. For the 
spacing arrangements considered in this study, the array areas range 
from 1, 200 square feet to 10, 000 square feet. 
The use of the minimum=four and the maximum-four to determine 
the spacing that will give the highest distribution uniformity seems to be 
of doubtful value. The reason is that the values obtained are not consis-
tent. Also, the location of the maximum or minilTIum-four changes in 
the area depending upon the existing conditions. 
Relationship between uniformity coefficient and area ratio. The 
ratio of sprinkler pattern area to individual sprinkler area 'was plotted 
against uniformity coefficients for the geometrical patterns A, B, and 
D in Figures' 17, 18, and 19 respectively. 
The area of the individual sprinkler was calculated by conside"ring 
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the wetted area covered to be an oval. The area of an oval is: 
where 
A= 1r' 
4 
d l = diameter of the oval along the x-axis 
d 2 = diameter of the oval along the y-axis 
For pattern A the highest probable area ratio that could be 
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(27 ) 
established for acceptable distribution uniformity is 0.40. For higher 
ratios, the uniformity coefficient drops moderately. Both rectangular 
and square spacing seem to give comparable distribution uniformity. 
For pattern B the highest probable area ratio that could be 
established for acceptable distribution uniformity is O. 45. For higher 
ratios, the uniformity coefficient drops rapidly. Square spacings seem 
to give higher distribution uniformities than rectangular spacings for the 
same area ratio. 
For pattern D the highest probable area ratio that could be 
established for acceptable distribution uniformity is 0.30. For higher 
ratios, the uniformity coefficient drops slowly. Rectangular spacings 
seem to give higher distribution uniformities than square spacings. 
The plots of Figure s 17, 18, and 19 show that in general the 
greater the area ratio~ the lower will be the uniformity of water distri-
bution. 
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Relationship between uniformity coefficient and lateral spacing 
ratio. The ratio of lateral spacing (52) to average diameter of throw 
(lateral-spacing ratio) was plotted against the uniformity coefficient for 
the A, B, and D geometrical patterns in Figures 20, 21, and 22 respec-· 
tively. 
The average diameter of throw was computed by the formula: 
D= (28) 
where 
d 1 = coverage circle diameter along the x-axis 
d 2 = coverage circle diameter along the y-axis 
For pattern A the longest probable distance the lateral could be 
moved is 0.70 of the average diameter of throw for acceptable distri-
bution uniformity. In equation form this is: 
52 = 0.70 D 
where 
52 = distance through which lateral is moved 
D = average diameter of coverage circle 
For higher lateral spacing ratios, the uniformity coefficient 
decreases gradually, resulting in poor distribution uniformity. 
(29) 
Rectangular spacings seem to give higher uniformity coefficients 
than do square spacin.gs for the same lateral-spacing ratio. Rectangular 
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spacings with. the sprinklers spaced at 40 feet on the lateral generally 
give better distribution uniformity than rectangular spacings with the 
sprinklers spaced at 60 feet on the lateral for the same lateral-spacing 
ratio. 
Pattern B has similar characteristics to pattern A. The differ-
ence lies in the permissible distance the lateral could be moved in rela-
tion to the average diameter of throw. In equation form, the relation-
ship is: 
S2 = 0.65 D . (30) 
where the subscripts have the same meanings as before. 
Pattern D will give acceptable distribution uniformities up to a 
ratio of lateral spacing to average diameter of throw of 0.75. The 
optimum lateral spacing occurs at a ratio of O. 70. For ratios between 
0.45 and 0.55, the distribution would be satisfactory but the uniformity 
coefficient would be significantly less than when the ratio is optimum 
(0.70). 
Five foot-offset versus regular can arrangement test. Table 4 
shows the uniformity coefficients of the same tests for regular and' 
5-foot offset can arrangements. These values are plotted in Figure 
23. 
For absolute uniformity 'of distribution, both can arrangements 
will have a uniformity coefficient of 1. 00,. Therefore, the line fitting 
Table 4. Analysis of sprinkler test data with regular and 5-ft offset 
can arrangement 
Uniformity coefficient (eu ) for specified arrangements 
Spacing Test 135 Test 136 Test 139 
(ft) Regular~:c 5-ft offset>:<* Regular 5-ft offset Regular 5-ft offset 
30 x 4p 0.962 0.958 0.959 0.963 0.948 0.948 
. , 
40 x 40 0.969 0.947 0.953 0.949 0.947 0.949 
40 x50 0.929 0.926 0.915 0.916 0.857 0.890 
40 x 60 0.860 0.846 0.823 0.820 0.812 0.827 
40 x 70 0.852 0.832 0.826 0.808 0.848 0.867 
40 x 80 0.899 0.876 0.884 0.871 0.910 0.917 
40 x 90 0.915 0.907 0.928 0.933 0.866 0.862 
40 x 100 0.848 0.849 0.856 0.857 0.745 0.742 
50 x 50 0.914 0.913 0.915 0.924 0.808 0.810 
60 x 50 0.841 0.827 0.881 0.886 0.782 0.758 
60 x 60 0.809 0.798 0.820 0.815 0.725 0.718 
60 x 70 0.806 0.792 0.818 0.806 0.709 0.693 
60 x 80 0.833 0.804 0.867 0.851 0.716 0.688 
60 x 90 0.825 0.809 0.885 0.886 0.686 0.655 
60 x 100 0.777 0.765 0.820 0.818 0.622 0.585 
70 x 70 0.790 0.773 0.797 0.789 0.692 0.665 
80 x 80 0.805 0.770 0.803 0.786 0.712 0.689 
90 x 90 0.769 0.754 0.786 0.788 0.691 0.649 
100 x 100 0.723 0.724 0.756 0.750 0.546 0.524 
>:~ See Figure 2 *~* See Figure 3 
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the points :must pas s through (l, 1). The line drawn is fitted to pas s 
through the points with (1,1) as its vertex and with a 1 to 1 slope. The 
equation of this line is: 
. (31) 
where 
Cu 2 = unifor:mity coefficient of five -foot offset 
can-arrange:ment tests 
CuI = unifor:mity coefficient of regular can-
arrange:ment tests 
A statistical analysis was :made to find the error involved in 
using equation 1. The data were analyzed as paired experi:ments. The 
results of this analysis are presented in Appendix Co 
The error involved was found to be less than one percent. In 
equation for:m: 
Cu 2 = CuI ±. 0.009 . (32) 
Equation 32 has a 95 percent confidence interval. Fro:m this 
analysis, it is seen that both can arrange:ments yield equitable results 
for all practical purposes. 
Single-alternate versus standard sets. Table 5 shows the 
uniformity coefficients for 10 t\ests each having four spacing 
ar'rangements for standard and for single alternate sets. These 
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Table 5. Analysis of single-alternate versus standard sets 
Test Spacing Uniformity coeffic ient (eu ) 
no. (ft) Standard sets Single alternate sets 
60 x 40 0.832 0.920 
113) 1 60 x 80 0.759 0.832 40 x 80 0.839 0.899 
80 x 80 0.728 0.839 
60 x 40 0.853 0.902 
60 x 80 0.652 0.853 
109, 1 40 x 80 0.660 0.859 
80 x 80 0.547 0.660 
60 x 40 0.835 0.896 
60 x 80 0.639 0.835 
102, 1 40 x 80 0.706 0.838 
80 x 80 0.597 0.706 
60 x 40 0.867 0.939 
60 x 80 0.687 0.867 
122, 1 40 x 80 0.702 0.924 
80 x 80 O. 616 0.702 
60 x 40 0.846 0.885 
123, 1 
60 x 80 0.769 0.846 
40 x 80 0.767 0.857 
80 x 80 0.686 0.767 
60 x 40 0.878 0.902 
60 x 80 0.833 0.878 
132, 1 40 x 80 0.840 0.895 
80 x 80 0.790 0.840 
60 x 40 0.860 0.962 
135, 1 60 x 80 0.833 0.860 40 x 80 0.899 0.969 
80 x 80 0.805 0.899 
60 x 40 0.812 0.948 
139, 1 
60 x 80 0.716 0.812 
40 x 80 0.910 0.947 
80 x 80 0.712 0.910 
60 x 40 0.822 0.876 
100, 1 60 x 80 0.673 0.822 40 x 80 0.740 0.851 
80 x 80 0.644 0.740 
60 x 40 0.794 0.832 
137, 1 60 x 80 0.624 0.794 40 x 80 o. 695 0.804 
80 x 80 0.560 0.695 
x ::;;: 300.27 x= 34.062 
- 0.750 x =: 0.851 x-.-
values are plotted in Figure 24. -
A conservative approxi:mate line is fitted to the points. This 
line pas ses through the point (1, 1). The equation of this line is: 
, 
C u = 0.27 + 0.73 C u . (33) 
where 
C~ = unifor:mity coefficient of single -alternate 
set after two irrigations 
C u = unifor:mity coefficient of standard sets. 
Equation 10 presented by Keller and associates (9) over~esti-
:mates the i:mprove:ment of single -alternate sets over standard sets. 
However, considering the average unifor:mity coefficient values for the 
spacing arrange:ments used in this analysis (40 in nu:mber) Keller's 
equation involves an error in estimating the alternate set unifor:mity 
coefficient of only + 1. 73 ,percent. 
Since this analysis is theoretical, no definite conclusion can be 
drawn as to the percentage i:mprove:ment resulting fro:m single -alternate 
sets especially for field conditions. 
_ Uniformity co-efficient meaning. In a broad sense, the expression 
"uniformity coefficient", implies a m·easure·of the eveness of water 
distribution uniformity. In other WQr·ds, ·the degree to which water 
is applied evenly. 
Christiansen's uniformity-coefficient is a simple expr.ession to 
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cOITlpute. A uniforITlity coefficient of 80 percent is generally considered 
to be the lower liITlit of acceptable distribution. This percentage ITleans 
that approxiITlately 50 percent of the area receives an average applica-
tion of 80 percent of the ITlean, and approxiITlately 50 percent of the area 
receives an average application of 120 percent of the ITlean. 
Figures 25, 26, and 27 are graphical representations showing the 
percentage of area receiving less water than any given application 
represented as a percentage of the ITlean application for uniforITlity 
coefficients of 0.90, 0.80, and 0.70. A saITlple analysis of test No. 139 
data is presented in Appendix D. 
Tables 6, 7, and 8 show listings of the tests and spacings used for 
plotting Figures 25, 26, and 27. 
Figure 28 shows an idealized cOITlbinatiol), of the curves shown in 
Figures 25, 26, and 27. In this figure, the curves are idealized by 
passing theITl through the 50 percent point on the abscissa. 
To illustrate the usefulness of Figure 28 consider that the average 
water application needed to fill a crop I s root zone is four inche s. For' 
this application and with a uniforITlity coefficient of O. 90, 10 percent of 
the pattern area can be expected to receive 3.30 inches of water or less. 
For a uniforITlity coefficient of O. 80, 10 percent of the area can be 
expected to receive a 2.70 inches of water or less, and for a uniforITlity 
coefficient of O. 70~ 2.10 inches of water or less. Table 9 shows this 
ITlaxiITluITl application received by the lower 10, 20, and 50 percent of 
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Table 6. Tests and spacings used for determining percent of area 
receiving less than a given percent of mean for Cu between 
0.890 and O. 910 
Spacing Mean catch Uniformity Pattern 
Test no. Sl x S2 (ft) (ccs) coefficient efficiency 
101 40x40 222 O. 905 0.851 
102 30x40 200 0.896 0.825 
109 30x40 224 o. 902 0.841 
113 40x40 251 0.899 0.827 
122 40x50 137 0.896 0.074 
132 30x40 187 0.902 0.865 
132 40x40 140 0.895 0.829 
132 40x50 112 0.891 0.840 
Mean 0.898 0.844 
Table 7. Tests and spacings used for determining percent of area 
receiving less than a given percent of mean for Cu between 
0.790 and 0.810 
Spacing Mean catch Uniformity Pattern 
Test no. SI x: S2 (ft) (ccs) coefficient efficiency 
102 40x70 0.86 0.792 0.662 
109 60x60 O. 75 0.804 0.689 
113 60x60 I. II 0.805 1.674 
113 60x70 O. 95 0.803 0.665 
122 40x70 0.98 0.806 0.727 
135 60x60 0.86 o. 809 0.728 
135 60x70 0.74 0.806 0.698 
135 70x70 0.63 0.790 0.659 
135 gOx80 0.48 0.805 0.679 
136 70x70 0.61 0.797 0.652 
Mean 0.802 0.687 
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Table 8. Tests and spacings used for determining percent of area 
receiving less than a given percent of mean for C u between 
o. 690 and O. 7 1 0 
Spacing Mean catch U nif 0 rmi ty Pattern 
Test no. Sl x S4 (ft) (ccs) coefficient efficiency 
102 40x80 75 0.706 0.542 
122 40x80 85 0.702 0.629 
131 30x40 290 0.708 0.594 
137 50x50 101 0.703 0.561 
137 40x80 79 0.695 0.571 
137 60x60 70 0.696 0.537 
137 70x70 52 0.694 0.548 
139 70x70 59 0.692 0.526 
Mean 0.700 0.563 
the pattern area for uniformity coefficients of 0.90, 0.80, and 0.70. 
Table 9. Maximum application received by the lower 10, 20, and 50 
percent of area for uniformity coefficients of o. 90, O. 80, 
and 0.70 
Maximum application received by the lower 10, 20, 
and 50% of area after an average application of 4. 00 
inches 
C u 10% area 20% area 50% area 
0.90 3.30 in 3.60 in 4.00 in 
0.80 2.70 in 3.20 in 4. 00 in 
0.70 2. lOin 2.80 in 4.00 in 
Therefore, depending on the value of the crop grown, a choice of 
the most profitable uniformity coefficient can be made. 
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Chapter VI 
SUMMARY A.ND CONCLUSIONS 
The test data used in this study was obtained by superimposing 
,. individual sprinkler patterns upon themselves. A computer program 
as developed to execute the process of superimposition. 
Christiansen IS uniforTI1ity coefficient, the statistical-uniformity 
coefficient, and the pattern efficiency were found to be the most 
extensively used expressions for evaluating sprinkler-distribution 
uniformity. Christiansen's C was considered the standard measure 
u 
of distribution uniformity. The computer program developed computes 
the values of these expressions. 
Nineteen spacing arrangements for 14 tests having four 
geometrical patterns were investigated with respect to the most used 
uniformity measures and some newly suggested measures. 
General relationships were found between uniformity coefficient 
and PE, SC , area ratio, and lateral- spacing ratio. 
u 
The effect of different can arrangements on the corresponding 
values of uniformity coefficients were investigated. 
A comparative study between single-alternate sets and standard 
sets was made. Finally~ the meaning of uniformity coefficient was 
established. 
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The principal results obtained from this study are as follows: 
1. The statistical uniformity coefficient is closely related to 
Christiansen's uniformity coefficient according to the following 
linear equation: 
SC u ::: - o. 25 + 1.25 C u 
2. Pattern efficiency is reJated to Christiansen's uniformity 
coefficient according to the following linear equation: 
PE ::: - 0.45 + 1.45 Cu 
(21 ) 
(24) 
3. The minimum-four and the maximum-four have a wide range of 
variation in comparison to 'Christiansen's uniformity coefficient. 
The optimum spacing arrangement were not deduced from these 
expressions. 
4. For acceptable uniformity coefficients (0.80 and higher), the area 
ratio should be limited to the following approximate values: 
for pattern A, a/A == 0.40 . (34) 
for pattern B ~ a/A - 0.45 . (35) 
for pattern D 1 a/A ::: 0.30 (36) 
5. For acceptable uniformity coefficients, the lateral-spacing ratio 
should be limit ed to the following approximate values for 
S 1 = ~ : 
for pattern A, 
for pattern B, 
for pattern D, 
S 2 /D == O. 70 
SZ/D == 0.65 
S2/D == 0.75 
(29 ) 
( 30) 
(37) 
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6. Five-foot offset can arrangement as compared to regular can 
arrangement produces equitable results as to uniformity coefficient. 
The error involved is represented by the following equation: 
C == 
u2 CuI i. 0.009 (32) 
Pattern data obtained from sprinkler te sts with regular or 5 -ft 
offset can arrangements give equivalent values of distribution 
unif orm ity indexe s . 
7. Single-alternate sets improve the uniformity of distribution 
after two irrigations according to this expres sion: 
Ci = 0.27 + 0.73 C 
u u 
(33) 
8. A set of curves is presented to show the area receiving a certain 
percentage of the mean water application depth for uniformity 
coefficients of 0.90, 0.80, and 0.70. 
Suggestions for future investigations 
1. To analyze more data to substantiate the results presented in 
this study ~ and to study other types of patterns. 
2. To perform actual field tests on identical individual sprinkler s 
and simultaneously-operated sprinklers. Then, from these 
test s, to find th~ ___ ~e<:>:rel~tio'p-_~_~~~~~ng b~tw~~:: __ ~_~~patterns obtained 
-----
by superimposing the data from several individual sprinkler-tests 
to a certain spacing and an equivalent pattern produced from 
-.. - - ".~~~,,,,,,,,,.-~,,,,,,~--~-'-~'-"""""-'~-;--, -- - - --- -- -------. ---. 
simultaneousl y-operated sprinkler s. _ 
_ ./" 
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3. To study the effect of the verticality of the riser on distribution 
uniformity. 
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APPENDIXES 
Appepdix A 
DIGITAL COMPUTER PROGRAM FOR 
SPRINKLER ANALYSES 
The following is a listing of the cOITlputer' s program written in 
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"Fortran with Forcom." The program will perform the superimposi-
tion proce s s, calculate Christiansen I s uniformity coefficient, the 
statistical uniformity coefficient, and the pattern efficiency. 
DIMENSION SUM(20, 20), D(20, 20), X(30, 30), SMALL(30) 
ZA=CDS(8. ) 
ZB=RCD(3. ) 
ZB=RCD{4. ) 
ZB=RCD(5. ) 
ZB=RCD(6. ) 
ZB=RCD(8. ) 
NIX9=9999 
12 READ, NDATA, MR, NR, FORMX, NA 
PUNCH,NDATA,MR,NR,FORMX,NA 
JA=O.O 
DO 3 1=1, MR 
DO 3 J=l, NR 
ZB=RCD(l. ) 
3 X(I, J)=GET(FORMX) 
ZD=PAS(28078080. ) 
1 READ, NXPT , MIN, NIN, NMIN 
PUNCH, NXPT, MIN, NIN, NMIN 
ZC=PCH(2. ) 
ZC=PCH(3. ) 
ZC=PCH(2. ) 
DO 6 M=l, MIN 
DO 6 N=l, NIN 
6 SUM(M, N)=O. 0 
DO 4 M=I, MIN 
DO 2 N=19 NIN 
DO 2 I=M MR~ MIN 
EM=M 
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ZX=PUT(70440.0) 
DO 2 J=N, NR, NIN 
COL=4+N~}:7 
ARG=700.701+COL 
SUM(M, N)=SUM(M, N)+X(I, J) 
2 ZS=PUT(ARG) 
4 ZS=PCH(7. ) 
TOT=O.O 
S8Q=0.0 
DO 5 M=l, MIN 
DO 5 N=l, NIN 
TOT=TOT+SUM(M, N) 
5 SSQ=SSQ+SUM(M, N)~:~SUM(M, N) 
NUM=NIN*MIN 
OBS=NUM 
C T=TOT~:~TOT / OBS 
AVG=TOT/OBS 
ADJSS=SSQ~CT 
VAR=ADJSS/(OBS-l. 0) 
SE=SQR(VAR) 
CV=SE/AVG 
RAT2=1. O-CV 
DO 7 M=l, MIN 
DO 7 N=l, NIN 
IF(SUM(M, N)-AVG) 8,8,9 
9 D(M, N)=SUM(M, N)-AVG 
GO TO 7 
8 D(M N)=AVG~SUM(M, N) 
7 CONTINUE 
SDEV=O.O 
DO 10 M=l, MIN 
DO 10 N=l, NIN 
10 SDEV=SDEV+D(M, N) 
RATI=l. O~(SDEV /TOT) 
ZC=PCH(2. ) 
ZC=PCH(4. ) 
PUNCH, TOT, SSQ, NUM, C T 
ZC=PCH(2. ) 
ZC=PCH(5. ) 
PUNCH, ADJSS, AVG, VAR, SE 
ZC=PCH(2. ) 
ZC=PCH(6. ) 
PUNCH, CV, SDEV, RATI, RAT2 
ZC=PCH(2. ) 
ZC=PCH(8. ) 
SUM25=0.0 
DO 11 L=l, NMIN 
SMALL(L)=SUM( 1, 1) 
DO 13 M=I, MIN 
DO 13 N=I,NIN 
IF(SMALL(L)-SUM(M, N)) 13,15 7 14 
14 SMALL(L)=SUM(M, N) 
15 J=M 
K=N 
13 CONTINUE 
SUM(J, K)=99999999. 
11 SUM25=SUM25+SMALL(L) 
BNMIN=NMIN 
PE=SUM25/ (BNMIN*AVG) 
PUNCH, PE 
PRINT, NIX9 
ZC=PCH(2. ) 
ZC=PCH(2. ) 
JA=JA+l 
IF(NA-JAi) 12,12,1 
GO TO 1 
END 
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Appendix B 
SUMMARY ANALYSES FOR SPRINKLER 
TEST DATA 1 AND 2 
The terITls used in the analyses of data are defined as follows: 
C
u 
= 1- ~ ( I d I ) 
mn 
A= IT 
4 
FE = average 250/0 ITliniITlUIn can-catch 
ITl 
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Max 4 = average ITlaxiITluITl possible catch in four adjacent cans 
rn 
Min 4 = average ITliniITluITl pos sible catch in four adjacent cans ITl 
Spk 5 = average five catch cans around sprinkler 
Sl = sprinkler spacing 
S2 = lateral spacing 
ITl 
ITl = average of observations 
n = nUITlber of observations 
d1 = diaITleter of circle of coverage in north to south direction 
d 2 = diaITleter of circle of coverage in east to west direction 
D = average diaITleter of circle of coverage 
d = deviation of an observation froITl average 
C u = Christiansen IS uniforITlity coefficient 
SCu = statistical uniforITlity coefficient 
FE = pattern efficiency 
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Sprinkle! 
Test spacing 
no. (ft) n rn alA s2/D C u SCu FE Max4 Min4 Spk5 
30x40 12 334 . 126 .363 .920 .902 .887 1. 054 .953 .978 
40x40 16 251 .168 .363 .899 .867 .827 1. 068 .808 1. 015 
40x50 20 201 .210 .455 ".880 ~ 846 .791 1. 162 .782 .890 
40x60 24 167 .252 .545 .832 .806 .736 1. 190 .737 .912 
40x70 28 143 .294 .636 .843 . 811 .712 1. 242 .785 .967 
40x80 32 125 .336 .727 .839 .794 .768 1.242 .716 1. 105 
40x90 36 III .379 .818 + 769 .706 .635 1. 412 .591 1.246 
40xl00 40 100 .421 . 91 () • 659 .581 .436 1. 520 .338 1. 382 
113, 50x50 25 160 .263 .455 .842 .808 .750 1. 239 .798 .870 
1 60x50 30 134 .315 .455 .822 .766 .734 1. 373 .704 .829 
60x60 36 III .379: .545 .805 .740 .674 1. 422 .610 .720 
60x70 42 96 .442 .636 ~ 803 ,741 .665 1. 437 .638 .774 
60x80 48 84 .505 .727 ~ 759 .714 .673 1.446 ".664 .885 
60x90 54 74 .568 .818 .692 .632 .581 1. 602 .512 1. 010 
60xl00 60 67 .631 .910 .613 .522 .430 1. 780 .318 1. 108 
70x70 49 82 .515 .636 .758 .714 .641 1. 370 .568 .786 
80x80 64 63 .673 .727 .728 .630 .569 1. 438 .315 1. 023 
90x90 81 50 .852 .818 .646 .544 .375 1. 576 .03 1. 288 
-" 100xl00 100 40 1. 052 .910 .499 .386 . 164 1. 825 0 1. 610 
30x40 12 200 . 180 .435 .896- .863 .825 1. 113 .890 .927 
40x40 16 150 .240 .435 .838 .799 .772 1. 187 ."850 .935 
40x50 20 120 .301 .543 .816 .766 .783 1.294 .. 795 .853 
40x60 24 100 .361 .653 .835 .800 .770 1. 196 .803 .923 
40x70 28 86 .421 .761 .792 .739 .662 1. 288 .688 1. 070 
40x80 32 75 .481 .870 .706 .641 .542 1. 470 .583 1. 227 
40x90 36 67 .541 .978 · 585 .488 .312 1. 670 .2,93 1. 373 
40xl00 40 60 .602 1. 09 ~471 .364 . 125 1. 838 .008 1. 532 
102, 50x50 25 96 .376 .543 o 770 .706 .628 1. 413 .599 .692 
1 60x50 30 80 .451 .543 .768 .705 .652 1. 253 .662 .778 
60x60 36 67 .541 .653 .733 .661 .632 1. 318 .559 .780 
60x70 42 57 .632 .761 ~ 675 .573 .564 1.535 .585 .910 
60x~0 48 50 .722 .870 .639 .506 .490 1. 756 .255 1. 036 
60x90 54 44 .812 .978 · 538 .378 .281 1. 993 . 107 1. 178 
60xl00 60 40 .903 ~. 09 .435 .264 .073 2.194 0 1. 295 
70x70 49 49 .737 .761 .682 .605 .548 1.467 .286 1. 053 
80x80 64 38 .963 .870 .597 .492 .303 1.620 a 1. 357 
i 
90x90 81 30 1. 219 .978 .366 .263 .014 2. 046 0 1. 720 
100xl00 100 24 1. 505 1. 09 · 145 .049 .000 2. 530 0 2.150 
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Sprinkler 
Test spacing 
(ft) n m. a/A r seu FE Max4 Min4 Spk5 no. \.."v 
30x40 12 251 · 132 0876 o 835 0813 L 145 0865 .905 
40x40 16 188 · 176 0851 · 816 0814 L 165 .8341- .942 
40x50 20 l.51 .2.20 .824 · 783 .745 1.239 • 736 .972 
40x60 24 126 .264 .822 · 778 .738 1.243 .757 1.013 
40x70 28 108 .308 .812 o 758 .740 1.349 .730 1.059 
40x80 32 . 94 .352 .740 · 669 ! • 652 1.542 .665 1. 197 
40x90 I 36 84 .396 .640 o 549 .473 1.731 .486 1.349 
40xl00 40 73 .440 .541 o 435 .324 L 926 .296 1.500 
100, 50x50 25 120 .2"75 .718 • 708 0654 1.371 .616 .884 
1 60x50 30 100 .330 .791 · 756 .714 1. 286 0672 L 000 
60x60 36 84 .396 .787 • -'732, .673 1.403 .594 1.012 
60x70 42 72 0462 o 749 o 682 0633 L 634 0627 .994 
60x80 48 63 .528 .613 • 602, .583 1.868 .562 1. 118 
60x90 54 56 .594 .584 · 490 .452 2.030 .212 1.223 
60xl00 60 50 .660 .505 · 385 .2)87 2.333 0100 1.398 
70x70 49 61 .539 .745 · 690 .617 1.366 .480 1. 163 
80x80 64 47 .704 .644 · 541 .422 L 596 .138 1.494 
90x90 81 37 .891 .454 · 327 .135 2.013 0 1. 887 
il00xlOO 100 30 10 100 .265 · 131 .024 2.500 0 2.324 
I 30x40 12 2,96 · 12,3 .922 · 906 .882 L 085 .917 .. 920 
-~ 
40x40 16 222 .164 .905 8"7"" 
• I I 0851 1.128 .859 .967 
40x50 20 177 .205 .842 · 810 .791 L 265 · 783 1. 080 
40x60 24 148 .247 .837 • 797 0765 1.308 .771 1.072 
40x70 28 127 .287 .817 o 789 .754 1. 290 .734· 1. 11 7 
40x80 32 III 0329 0748 · 707 0691 L 479 .699 1. 211 
40x90 36 99 .370 .645 · 588 .525 L 664 .492 1.358 
40xl00 40 89 .410 .555 .468 0343 1.850 .317 1.510 
} 01, 50x50 25 142 0256 0813 ~ 761 0728 1. 408 .719 .968 
1 60x50 30 118 .308 .813 · 786 . 762, 1.306 .754 .804 
60x60 36 99 0369 .803 o 763 .730 1. 392 .683 0957 
60x70 42 84 .432 .777 · ? 17 .695 1. 591 .719 .938 
60x80 48 74 .493 . 71] o 629 .601 1. 822 .544 .. 964 
60x90 54 66 0554 .62Z o 523 .4'70 2.050 .331 1.082 
60x} OO! 60 59 .616 .536 · 414 .319 2.326 · 161 1. 210 
70x70 49 72 .503 .776 · 717 .650 1.478 .535 1.086 
80x80 64 55 .657 .676 o 600 .441 1.576 .185 1. 288 
90x90 81 44 0831 0518 · 423 02,42 L 992 017 1. 610 
100xlOO 100 35 L 027 .329 o l~~ 7 .059 2.462 0 2.101 
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Sprinkle:r1 ! 
----r"---.. ·· ",-or-
Test spacing SC~E I Max4 
·no. (ft) n rn alA SZ/D C Min4 Spk5 u 
30x40 I 12 224 . 140 .383 .902 ,868 .841 1. 075 .890 .925 
--~ 
40x40 16 168 " 186 .383 .859 .822 .786 1. 144 .819 .929 
40x50 20 134 .233 .478 .849 .799 .742 L 230 .fTJ7 .930 
40x60 24 112 .280 .575 .853 .812 .765 1. 175 .850 .987 
40x70 28 96 .326 .670 .777 .733 .704 1. 318 .732 1. 117 
40x80 32 84 .373 .765 .660 ,,592 .490 1.504 .470 1. 275 
40x90 36 75 .420 0860 .548 ,453 .290 L 689 .224 1. 427 
40xl00 40 67 .466 .956 .437 .334 0149 1. 875 .097 1. 595 
109, 50x50 25 108 .291 ' ,478 · 812 .766 · 671 1. 213 .630 .895 
1 60x50 30 90 .350 .478 .818 .764 .738 1. 158 .702 .915 
60x60 36 75 .420 .575 .805 .740 .689 1. 243 .724 1.037 
60x70 : 42 64 .490 .670 .746 .672 .614 1.448 .480 1. 161 
60x80 . 48 56 .560 .765 .652 .553 .451 1. 655 .281 1. 326 
60x90 54 50 .630 .860 .535 .423 .265 1. 870 .091 1.485 
-
60xl00 60 45 .700 .956 .422 . 308 · 122 2. 070 .045 1. 65r 
70x70 49 55 .571 .670 .733 . 625 .526 1. 585 .232 1. 350 
8'Ox80 64 42 .746 .765 .547 .424 .250 2.061 .078 1. 755 
90x90 81 33 .945 .860 · 313 .200 .087 2.610 .007 2.236 
100xl00 100 27 L 166 .956 · 11 7 000 .021 3.215 0 2.732 
30x40 12 228 o 123 ,,359 0939 .891 .917 1.084 .934 1.060 
40x40 16 171 . 164 . 359 ,,924 .873 .904 1. 136 .904 1. 096 
'---40x50 20 137 .205 .448 .896 .832 .874 1. 218 .894 1. 194 
40x60 24 114 .246 .538 " 867 .790 .828 1. 318 .825 1. 267 
.~ 
-,' 
40x70 28 98 .287 .627 .806 ,,7,25 .727 L 480 .715 1. 385 
40x80 32 85 .328 .717 .702 .621 .629 1. 695 .576 1.565 
40x90 36 76 .369 .807 .598 ,,505 .461 1. 910 .442 1. 750 
40xl00 40 68 .410 ,,896 .504 .390 ,,309 2. 117 .278 1. 955 
122, 50x50 25 109 .256 .448 .879 .837 .861 1. 219 .872 1. 203 
1 60x50 30 91 .308 .448 .. 872 .82l .828 1. 266 .827 1.224 
60x60 36 76 .369 0538 .842 .781 .778 1. 391 .760 1. 297 
60x70 42 65 .431 .627 .774 .719 ,,700 1. 460 .683 1. 395 
60x80 48 57 0492 . 717 .687 .618 .584 1. 670 .493 1. 551 
60x90 54 51 0554 .807 .583 0503 0454 1. 875 .262 1. 734 
60xl00 60 46 0615 .896 .492 .390 .287 2. 082 . 143 1. 921 
70x70 49 56 " 502 0627 " 726 .645 · 611 L 691 .538 1. 590 
80x80 64 43 " 656 .717 .616 0484 .428 2. 207 o 170 2. 070 
, 
90x90 81 34 .830 .807 .468 .295 · 2.25 2. 800 .081 2. 550 
I ~,"~~>----~ --, 100xl00 100 27 L 025 0896 _,296 o 100 .079 13.460 0 3.210 -"".-~~---"'-~'~-~ 
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~T_n_:_~~S_~p_~_~_J_~_g_r~_n~_~_ -~aX4 M~4 SpkS 
30x40 12 252,~!~~>~~~~.~ .. f:s5~.~~~_?,,~ .. 8,6, 0. L 127 .890 l. 095 
40x40 16 Ig9 ,,138 .32,9,857 .792 .794 L240 .810 l.221 
~------~-+--.-+.-~---~- .~.~,~~~.~~--~----~----~--~ 
40x50 20151.173.,412.836.788.8241.251 .874 1.259 
I--------ll------~~~-,-f__--~~~~ ~ ~ -~_!_~~_+__--+-__:___f__:-_+_--_t 
t--4_0_x_6_0_r-.-2_4-+---12,6 .207 ,,494,. B~800. 824 1. 283 .835 l. 240 
40x70 28 108 .242 .575 . g371. 763 '.786 L 382 .768 1. 372 
40 x8 0 32, 94 ,,276 . 65 8 . 767 i~6 8 1 . 6 95 1. 575 . 737 1. 570 
40x90 36 84 .311 .740 ,,687 ,598 ,639 10 770 .701 l. 758 
40xl00 40 75 .345 .823 .610.501 .488 10960 .428 l.968 
123, I 50x50 25 III 0 216 ,,412 I" 849 ,,7'F7 ,,767 L 275 ,771 l. 181 
1 60 x 5 0 3 0 I 1 0 1 . 25 9 . 4 I zT 841 . 7 81 . 740 1. 220 . 778 1. 2 14 
6 Ox6 0 36 84 ,,3 11 . 494 P;4 '; a 0 7 . 7 75 L 21 2 . 763 1. 1 92 
1-------I-----4-n~. >-- "-r---'~" ~--i-~----+------il-----+-----i 
60x70 42, 72 .~62 ,,575 . is)2 ,?b3 ,761 L 325 ,800 l. 337 
I-----I-----+--,--+-~ 
60x80 48 6.3 ,,414 ,658 ,, 7 69 .692 .636 1. 511 .679 1. 516 
I------~-+-- ~.~~~-----~---~---+----~----+_-~---~ 
60x90 54 56 .467 .740 .676 "b09 . 600 L 700 .582 1. 706 
I------+----t---t---~~------~-- '~4'~~-....._.j~~_+_--_f_~-+------t 
60xl00 60 50 .518 .817 .58b ,,509 .476 1. 890 .363 1. 912 
1---------+--4--,~--
70x70 49 62 ,423 .575 , ci~3 . 746 ~ 741 1, 469 .767 l. 476 
80x80 64 47 .553 .658 .686 .589 .608 1. 937 .557 1. 936 
~------+-~---~,--
90x90 81 37 .699 .740 .622 .458, 4b4 2.454 .268 2.460 
1----~___6_--__+_--_I-~--4----.-~-~--~~--__+--~i--__+_--_f 
100xl00 100 30.863 0827 ,,516 ~ 29b ,258 .3.040 .041 3.034 
~---
130x40 12187,104,329,902,,872,.8651.118.886 I.D88 
40x40 16 140 . 138 .329 .8 0 5 .855 .829 1. 145 .849 l. 148 
40x50 20 112 ,,173 ,,412 "B91 ,,8b4 ,,840 L 164 .832 l. 116 
40x60 24 93 ,,207 ,,494,878 "b49 . 809 L 148 .807 1. 098 
., 
40x70 28 80 .242 ,,575 .889 .834 ,822 L 258 .779 1. 218 
40x80 32 70 .276 ,,658 .840 .777 .779 1. 429 .758 l. 380 
40x90 36 62 .311 ,740 .744 ,,679 .663 1. 605 .643 1. 558 
40xl00 40 56 .345 .823 .647 .571 .498 1.785 .424 1.725 
132 , 5 Ox5 0 25 90 ,216 G 412 . 907 ,,890 . 873 L 118 . 874 l. 084 
1 60x50 30 75 ,,259 ,,412 > 884 .860 .841 L 103 .828 1. 0'12 
6 Ox6 0 36 62 . 3 I}, 494 J 887 . 855 ,,847 L 253 . 789 l. 016 
60x70 42 53 ,,362 ,,575 .8 7 9 .853 .838 L 166 .830 l. 098 
1---------+--4I--~----~-----~--4-.--.--.--,~---__ ~--_r----~ 
60x80 48 47 ,,414 ,658 .833 .791 .772 1, 110 .800 1. 221 
I---------+-~~~--
60x90 54 41 ,,467 ,,740 ,7]9.689.651 1,494 .670 l.400 
60xl00 60 37.518,627,64] ,,576.4861.162.375 1.551 
~i----+-_i---~--:--t-, " ---.--t---+-----i~---t-----+--__t 
70x70 49 46 ,,423 ,,575 .871 .827 .815 L 160 .822 l. 156 
1---------+---~_1---
80x80 64 35 ,553 .658 ,,790 0723 .681 1. 530 .557 1. 520 
I-----f----+--+--,+-~-.~ -.----"'-'-~'--+----+---+-------I 
I
, j---9_'O_x_9_0_+--8_1-r-_2 _8 ,+-,,699, 740 ,,701 ,589 ,,510 1, 933 .181 1. 900 
100xl00 100 22 .863 ,,575 .569 ,,429 .309 2.388 .034 2.418 
~---+-----' 
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~ppendix B, Continued 
I 
==-...,-....-__ •• _._ ........... _- • 
-~.-, 
. __ . 
-
-
.,.,.. .. . ,-~,-- T'" r ~prinkler " 
Test spacing I 
no. (ft) n rn A S D eu sc J FE Max4 Min4 Spk5 2 -u 
-- t--~.~--.- _._-_. --, 
I 
30x40 12 258 .092 ,310 .962 .956 t·956 1. 020 .961 .998 -~-.~ 40x40 16 193 " 123 ,3]0 ,969 ,959 .949 1. 025 .972, .997 
.. - ' 
40x50 20 155 o 153 ,388 ,929 ' 911 ,893 L 105 .887 .915 
40x60 24 129 .184 ,46?1,860 ,837; .792 1. 221 .776 .839 
40x70 28 110 ,,214 ,543 . ,852 ',8Z6 ,774 1.204 .728 .825 
! 40x80 32 1 97 .245 ,620 '.899 .872 .829 L 172 .794 .897 
40x90 ~ 36 86 .276 .697 .915 .888 .865 L 152 .904 1. 012 
'"' 
40xIOO 40 7: .30b , 775 . ' 848 " 809. ,754 1. 281 .737 1. 130 . I 
--
-~-',-
-:-3881,914 .893 ' .856 L 112 ,850 .845 135, 50x50 i 25 124 · 191 
1 60x50 30 .103 ,230 . 388 ,841 0814 · 763 L 240 .794 .756 
60x60 36 86 ,,276 ,,465 .809 .769 .728 L 400 .758 .719 
60x70 42 74 ., 32] ,543 ,806 .756 ,,698 1.440 .625 .632 
60x80 48 b4 .367 .620 . 83:) · 781 · 719 1. 405 .618 .672 
-,~~ 
60x90 54 57 .4] 3 .697 .825 · 78b .746 1. 435 .694 .754 
.. 
60xl00 60 52, .459 .775 .777 , "l32 .709 1. 546 .703 .827 
_. j 
70x70 49 63 ,375 .790",790 · "7 ')8 ,659 1. 422 .559 .568 
80x80 64 48 .490 .620 .805 .753 .679 1. 315 .575 .621 
--
-' ---
f-. 
90x90 81 38 . 620 .697 · 769 · 714 .667 1. 513 .453 .784 
.766 
-- f-----... ~-
.961 100xl00 1001'31 " 75 · "('23 · bZ5 . . 527 1. 795 105 
, - ' 
~ 
30x40 1) 251 ,086 ':'01 j 95q .949 .945 1.041 .955 1. 020 L f-.:.. .. ~-~-~ 
16 
_. 
40x40 188 · 115 ,301' .953 · 9.3 9 .934 1. 055 .940 1. 035 
40x50 20 150 .144 .376 ~ 915 0896 · b76 1. 135 ~ . 920 .932 
40x60 24 125 · 1 73 ,451 .823 · 801 .767 L 270 .783 .787 
40x70 28 107 .202 .526 .826 .795 .757 L 321 .763 .883 
40x80 32 94 0231 .601 .884 .857 0836 L 250 .859 .857 , 40x90 36 84 ,259 0676 
l 
~ 928 0914 0900 L 180 0668 0960 
I 40xl00 40 75 ,288 .752 ,856 0822 .750 L 182 0603 1. 075 
136, 50x50 25 120 0180 .376 .915 · 901 .881 1. 088 .900 .932 
,~ ~,~-
1 60x50 30 100 0216 . 376 · 881 .858 .852 1. 240 .850 .842 
60x60 36 84- f-. 0259 .451 .820 .775 .730 1.352 .733 .721 
--
1---'-"- ' 
60x70 42 72 0303 052,6 0818 .774 0722 L 398 .701 .. 683 
60x80 48 63 .346 .0601 ,867 .830 .779 1.287 .750 .743 
60x90 54 56 o 3H9 0676 0885 .. 866 0832 L 185 0799 .836 
" 
60xl00 60 50 04')2 .752 0820 .788 0722 L 318 0684 .936 
-
70x70 49 61 o 353 , 52.6 0797 0745 · b52 1. 408 .559 .528 
80x80 64 47 " 461 ,601 0803 " 752 0653 1. 340 .516 .523 
--
~~~ 
90x90 81 37 0584 .676 o 786 .743 .675 1. 428 .572 .654 
~'~-"- "-f---'-
100x100 100 30 c 72J .752 .~5bl·67~~73 L 450 . 15 .807 
--
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Appendix B, Co:~.,ctinuld 
' ___ ~~ __ ,",-__ .~ ... ~ ___ <------=J~=--.-"'~~_""'--"."'.=--'-=--"~~_""~~ .... "-=-.,, ___ ., .•. , ... ,,, _ ........ 
Sprinkler ~- .r--~I~~~-}~-'-~~r-"'-~----"'-l 
! Test spacing ~ 
no, (it} n rn~~~ ~S2~D_,_~~.~~_ S~~~E MaxA Min4 Spk5 
30x40 12 240~"1C19f3~::...94~~918 ,1.031 .978 1. 010 
I 40x40 16 180_L:Ji~ 3~>-9471.930 '.926 'I. 02.5 .953 1. 021 
40x50 20 i 144 \, 1?31 0422 0857 .825 .789 1. 2.00 .839 .960 
40x60 24 12C)+, 21S '-:-Scr:- 0, k l~! -! ,766 ,,716 L 210 0840 .867 
40x70 28 lCl~. 254~59_0-:-84t8.iil~783 10230 .752 .893 
40x80 32 90 02.90 ,.675 .910 .876 .873 1. 073 .860 1. 019 
40x90 36 80 'Q 327 .760 ,,866 10 clZ4 " 764 L 239 .747 1. 145 
40xl00 40 72 ,,363 o 84.) . 745 t-i-9$ .546 1. 375 .502 1. 272 
.,.-~.~. ~ r --::;--7'"'- ~: 726 139, 50x50 2.5 115 ,,227 042,2 ~80b , ,7 1 1.330 ,703 .802 
1 60x50 30 96 272 " 422 " 782 , 7s4 " 682 L 408 .723 .744 
-60x60 36 80 327 .507 725 ,66"7 " 549 1. 390 .443 .581 
-
60x70 42 69 · 381 .590 . 709 .658 . 514 1. 459 .458 .507 
60x80 48 60 " 43b , 6"1:' " 71 b .661 .565 L 456 ,645 .577 
60x90 54 :'3 Q 490 .760 .686 0626 .610 1. 635 .520 .653 
60xl00 60~ 48 .544 .843 .6.22 .538 .496 1. 754 .417 .721 
70x70 49 59 .447 .590 .692 .640 .526 1. 472 .463 .512 
80x80 64 45 " 581 Q 675 " 712 " 6.3 9 ,_ 581 1. 468 .388 .707 
90x90 81 " 36 · 735 " 760 .691 .592 .463 1. 412 .063 .885 
100xIOO 100 2. 0 ~ , 907 . 843 .546 
==t=--==.:;;; 
.437 .202 1. 740 .009 1. 095 
30x40 12 259 , 092 ~ ,9')8 , 944 " 947 1,040 .966 1.032 
40x40 16 194 · 123 -- -~ 94::;-
f---. 
,,935 ,,928 1.046 .942 1. 020 
,.- f---._--
----40x50 20 155 · 153 .926 , 90:1 .896 1. 138 . 911 .957 
"---.~~ f-~-
40x60 24 129 .184 " 846 .822 . B05 L 220 .820 .840 
,'---~.- .~ 
40x70 28 III .214 .832 .801 .765 1.320 .755 .797 
40x80 32 97 1.245 .876 .846 .815 L 250 .775 .913 
40x90 36 86 0276 ,,907 " 879 ,847 10 177 ,808 1. 029 
40xl00 40 78 · 306 .849 .814 ,,775 1. 306 .770 1. 135 
135, 50x50 25 124 " I 91 ,,913 ,,896 .873 L 140 .854 .878 
2 60x50 30 104 ,,230 ~ 82,7 ,,798 .755 1. 300 .720 .717 
60x60 36 86 ,,276 .798 .743 .692 L 420 .626 .628 
60x70 42 74 c 321 .792 .72.5 .640 1. 422 .484 .699 
60x80 48 64 , 367 .804 ,750 .670 1.368 .545 .551 
60x90 54 58 ,,413 .809 .757 .708 1. 425 .613 .608 
60xIOO 60 52 .459 .765 · 712 .689 1. 583 .682 .678 
~ 
70x70 49 63 " 375 .773 .702 ,,604 1. 500 . 391 .393 
80x80 64 49 .490 .770 · 718 .626 1. 431 .510 .505 
._--'---~ r------
.652 90x90 81 38 .620 ,754 · 705 .644 1. 505 .548 
j "" ..... - -100xlOO 100 31 ,7bb ,,724 631 ,541 L 705 , 105 .798 
.~~~. --~~- .-.. ~ -.~~ .. ,. ~-~,~ 
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Appendix B. Continued 
t=:==::=;=:=======;::::===:;::-.,. ==, .==--;=~-=~_. __ -:,,~.:::::., -::::-:-~~'~~-I-=--' -l--~ ---~_~T~::M~'= ===::'=::=::::::=;::=======1 
Sprinkler . I I I 
Test spacing 
(it) n i rn a/A e u I seu FE I Max4 I no. Min4 Spk5 
~--~------~---~-----~'---~-----~--~~--~-4-----~----~-----1 
30x40 12, 249.086 0963 950 0937 1. 050 .956 1. 028 
~------+----+-~--+----~~~+-~ 
40x40 i 16 187 . 115_~! ~o _9_49-+-__ 9_3 _1 +--._9~1_1--+-_1_. 0_3_7-+_._9_1_8-+_1_, _0_5_0"""i 
40x50 20 149!. 144 .91b 900 > 884 '1. 146 .904 .895 
--~--~~-----+-----4-----+-----"""i 
40x60 24 124 .173 .820 786.728' 1. 303 .732 .736 
40x70 28 107 1.202 0808 778 0746 1. 346 .740 .738 
--.-+----~~--~~.--4-----~----4_----~ 
40x80 32 93 .231 .871 844 .8331.258 .848 .850 
40x90 36 j 8~~.~5~9~_o9_3~3~~9_}~5~~~, ~.8_~_-j .. ~~~1~._1_0_3~_o_90_7~ __ ._9_5_3~ 
40xl00 140 75 ',288.857 .8261,763,1.180.722 1.054 
136 t ~5-0-x-5-0-~2-5-+-~1-2 -0 -+-; .~1·~8~0--+--. '9--24~~~.~ T __ "-_9~-_O~8_~~''''""'1-~_, ~b_" '~-_l '=7 :':1=.=0=9=6=:=. =8_8-_2-, ::~.~8~8~0: 
2 60x50 30 100 i. 2,16 .886 bb2, 840 L 215 ,85l .800 
-~~~~------~--~----~ 6 Ox6 0 36 83 . 259 "815 76,', '707 1. 400 ,612 . 612 
~------+---'+-----~--~----~--.--~-----~--~~----4-----~ 60x70 42 71 ,)03 .806 -;5S. 694 L 406 .564 .577 
~6-0-x-8-0--+-4-8--+-6-2 ~'-. -34-6---+-.-8--5-1-+-:8~O 8- -'-. 7-5~5--l-I-. -3-1-7-+--. 6-4-7--+--. -6-6-0-1 
1-----+--+----+_--+----.. !---.--~'-,4__--4_--_+_--_+_-__,_~ 
60x90 54 5.5 . .389 .886 860 809 L 188 0728 .733 
~-----~--~---6 Ox 1 00 6 0 "50 . 4.3 2, ,8 1 8 7 85 . 7 26 1. 3 1 9 . 6 98 . 806 
~---~-~~---,+---__+_---.. - r---' 
70x70 49 61 .353 .789 726 .619 1.406 .550 .398 
~------~--~---~----+ ~+-~--_r----_+----_+----~ 
8 Ox8 0 64 47 . 46 I .' 786 7 3 ~~ ,6 :~ 7 L 440 . 41 3 . 409 
t------+---+---~_+__--___1~ 
90x90 81 37,584.788 720.,655 1. 47l . .522 .522 
100xl00 100 30 .721 .750 668.535 L 470 .092 .642 
30x40 1.2 246 ,109 ,948 94:' ,933 1.035 .973 .966 
-~-+---~I---~ 
40x40 16,185.',145.,949 930.912 1. 030 .970 1. 016 
-~~~~-4----~-----+~--~ 
40x50 20 148 .181 .890 86Z. 831 1. 170 .890 .936 
40x60 24 123 ,ZI8 .827 801,750 1. 238 .764 1. 037 
4 Ox? 0 28 I 05 0 254 . B 6 -; 8 38 0 824 L 2 I 3 . 842 , 926 
40x80 32 92 0290 .917 888,864 L 128 .932 1. 057 
40x90 36 82 ,327 .862 828.758 L 163 .820 1. 186 
40xlOO 40 74 0363 .742 699 0569 L 292 .532 L 314 
139, 50x50 25 118 .2,27 .810 761.722 1. 386 .750 .761 
--~----~----4-----~ 2 60x50 30 98 .272 0 7 58 714 0643 L 386 0618 .620 
60x60 36 82 ,3Z7 .718 655 ,511 1.370 .443 .396 
'~--+-~~~~--~-~------I 
60x70 42 10 .381 0693 635.468 L 340 .432 .368 
~-+~--~~--~----~----~----~ 60x80 48 62 .436 .688 629 0511 1. 502 .418 .415 
-~-+~--~~--4_----~----~----~ 
60x90 54 55 .490 .655 587.525 1. 690 .472 .468 
1-----4~--+~--+_-~----\----~---r_.,~.~-+----+---_+_--_4 
60xIOO 60 49 ,544 0585 _ ,503 0465 L 880 0330 .526 
,-+----~----~----~----~ 70x70 49 60 0447 0665 615 .. 499 L 328 .382 .383 
---4-----+-----4-----+------1 
80x80 64 46 0581 0689 617 .538 1.610 .526 .500 
~------+- .-+~--~----~~--~----~ 90x90 8] ~36. 735 .649 570,413 1. 530 .076 .639 
I-----+-~~-~ -. --"-'-I--~-'--F____'~~~~' --'--~~-~--_+__----I 
1 OOxl 00 100 ') 0 ,907 0 524 429, 200 1. 792 . 017 . 767 
~--~------~-.~~-. ~.~~~--~~---~~----~----~ 
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Appendix Bo Conti.nul::d 
::::=::=':-=:::::=:::':~::::::'=::-"::::'T-':-::=;::::::::-~ I -":::~:=::~r:- .~. 
t Sprin~ler li I I I 
Te st spaC:Ing I J 
I--n_o_o-+-__ t_ft_J_+-n_, -t-~rn,_-+ __ ~~~~~:: __ ~Ci. _~~ Max4 Min4 Spk5 
131, 
1 
137, 
1 
3 Ox4 0 12 2/) 0 . Z 9 9 I . ; 0 b . 61 6 I . 594 I I. 4 18 . 706 . 665 
40x40 I 16 I 218 .399 I .565 I 527 .444 1. 360 .444 I .527 
40x50 I 20 174 .49° .682 554.509 1.384 .505 .56Z 
40x60 2;4 145 o 5 ()<1 0 58~3 t 41} 0 -_319 ] 0 662 0606 It 673 ! 
40x70 28 L24 .699 .416 248 1 .110 1.937 .062 .787 
·40x80 32 118, .798 .399 234 .135 2.050 .248 .828 
40x90 36 110 . 898 . 3b5 • ZOO . 154 2.. 195 . 2,66 0 888 
40xlOO 40102' .q98 .3151 1501.170 2.)65.2.26 .957 
50x50 25 139 .624 .660 610.513 1.392 .568 .583 
~------~~--~-~-~-r----~--~~--~------r---~----~ 60x50 30 116 .748 .569 1.48410352 1.672 .306 .698 
60x60 36 97 .b98 ~78: • .384'.155 1.498 .184 .834 
I------t---,+----+-.-~-~~, -"---+----+---i---~_t ~6-0-x-7-0_+_4--2_i 4-0_8_3 J:... 048 . 324 ~2 2~8 . 02.8 1 . 745 0 003 . 976 
6 0 x 80 48 7 8 L 1 98 . 3 14 ; . Z I 2 . 0 5 0 I 0 8 3 0 . 1 7 5 1.03 8 
t----:--____ -+__-t---"-~.-".---,1__ _______ ~--~~~-.,___t_-~_+_-__ +__--_I 
t--6_0_x_9_0_+--5_4-+-_"""_l_ 3_" +--L_,1_4,_7,~ ~.Z 84 ~ 0 j ';. 6 i _0 068 1 . 960 . 1 88 1 . 11 0 
1--6_O_x_I_0_0-+_6_0--+_6.8 1.50n 0 Z4~.:J ??_t_.,_O __ 6_5-+-_2_. _] _] _°-+--0_1_1_0-+-_1_0_1_9_0-1 
1--7_0_x_7_0_+-4_9--+ __ 7_1-+-1_" _2_2 ~_3_ -+_._1_7ll. 07 g i • 0 I 0 20 020 . 004 1 0 140 
1--8_0_x_8_0_+-6_4_: +-_6_3_+_!:.~. 9 7_ ~ 1 I 0 04 6 \l-0_O_]_g~-+, _2_, ._2_6_8-+-,._ o_1_2--+-_1 ,_2_8_5:-t 
t--9_0_x_9_0_+--8_1-+-_5_6-+-:; _2.,.o_O~ 1 • J 78 I . 00] 1 0024 I 20555 0009 1.446 
IOOxl00 100 50 ~~4,~~=l5~. 00,01.027 i 2.900 .010 1.620 
30x40 12 211 .] 37 . 832_L~63 I 1. Ib2 .821 1.299 
1--4-0-x-4-0-+--1-6--f-.T58 - 0] 83 .804 i : 752 I .663 1. 280 .849 1. 100 
t--4_0_x_5_0_+--2_0-+-_1._2, 6_,:~'2,2 9 0 7671 0 7 ~~ 0 b 6 2 L 350 . 698 L 268 
40x60 24 105 0275 07 q4 I 74~-+-._6_5-:-7-t-_l_._3_1_0-i-._7:--4_5-+-_._7_4_6--4 
40x70 28 90 .321 .802 I 735 .646 10380 .695 .813 
40x80 32 79 .366 0695 639 057] 1.580.652 0926 
40x90 36 70 .412 0583 503.367 1.781 0284 1. 045 
40x100 40 63 0458 u477 3800196 1.982 123 1.161 
50x50 25 101 .286 0703 645,561 L 553 0505 I 0606 
60x50 30 84 .34.3 0717 656 0586 1.511 .534 .678 
60x60 36 70 .412 .696 blCj'.537 1.700.480 .814 
~r----+---~r---_+-----I 
60x70 42 60 .481 .669 56 7 0550 1.983 .530 .624 
60x80 48 52 .549 .62A 484 .516 2.271 .418 .720 
---~+---~----~~---+----~ 
60x90 54 47 .618 .534 372 0357 2.356 ,192 .796 
~------+---+---~-----~'--~'-----'~---+----~r---~----~ 60xlOO 60 4,2 .687 u 444 261,184 2.829 .036 .890 
--+---~----~~~-+----~ 
70x70 49 52 .561 .694 585.548 1.960 .625 .704 
t-------+---;---, 
80x80 64 39 .733 .560 46 0 . 342 2,249 0 114 .682 
90x90 81 31 .927 .418 .782 .122 2.697 .016 .857 
t--------r---r-~·-~·--·~---'-~r·----+_~_4------r_--_+--~~ 
100xl00 100 25 1.144 uzen 072 .0]9 3.321 0 1.060 
~---,-------+-------...~ 
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Appendix B. Concluded 
'-
-
-~r-- . - .- ~b i 
-T" Sprinkler I I I 
Test spacing I I 
I 
(ft) I alA e u seu PE Max4 Min4 Spk5 no. n In. I 
- ..... 
30x40 12 .259 . 132 08121 .798 .784 1.200 .805 .893 
40x40 16 194 o 177 i 0811 0 7 76 .771 1. 258 .787 .954 
40x50 20 155 .22:1 0805 0758 .696 1.343 .689 0- 926 
40x60 24 12,9 0265 0801 .763 , 677 1.260 .670 .879 
40x70 28 III 0309 .799 · -,52 .693 1. 311 .695 .917 
40x80 32 97 .353 .737 .679 .623 1.416 .695 1.037 
40x90 36 86 .398 .635 0565 .475 1.660 475 1. 169 
-~~~-
40xl00 4(; 78 .442 · 530' .441) ! .) 1 0 1.845 274 1.289 
138, 50x50 25 124 .276 · 7 [5-; . .698 I .583 L 339 503 .903 
-- 0---' 1 60x50 30 104 .331 .-i 96 .74] I .663 1.236 574 .885 
----
I--~-~--
60x60 36 86 .475 .736 " 687 .588 1.350 .475 .833 
60x70 42 74 .464 .729 .6t)2 1 • 599 1.487 542 .. 827 
60x80 48 64 .530 · 6 q') .604 I .561 1.700 . 464 .938 --~F---
60x90 54 58 .59b .625 .504 ! .452 1.906 269 1.034 
60xl00 60 52 · 52_~_t:. 390 -+ 2.120 174 1.154. • b63 1. 270 
70x70 49 63 1 .541 .737 .671 10580 1.444 473 .962 
80x80 64 4q .70:' I .b20 
· 5 } \ .368 1.812 113 1.212 
90x90 bl .18 .8(14 .43.3 · :s ~6 1. 100 2.295 065 1.563 
100xl00 100 31 L 104 • 2~31 · 1 Zl ! 0)') • &-<.,L 2.840 0 1.916 
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Appendix C 
S T A TIS TICAL ANALYSIS 
Estimate of the error involved in utilizing the uniformity coefficients 
obtained from five =foot offset can ~arrangement tests as compared to 
those obtained from regular can~arrangement tests. Paired experiment 
analysis (l6)withanullhypothesis of:A : Cu{regular) = C u (5-ft 
offset}. 
Uniformity 
f 
coefficient 
1 j Difference Deviation 
Test Regular I 5 =ft offset nOn Xl X 2 D = Xl ~ X 2 d =: D - d 
1 
I O. 962 O. 958 O. 004 = O. 005 
2 O. 969 O. 947 O. 022 0.013 
3 O. 929 O. 926 O. 003 ~ 0.006 
4 O. 860 O. 846 t O. 014 O. 005 
5 O. 852 O. 832 I O. 020 O. 011 
I 6 O. 899 O. 876 O. 023 O. 014 I 
I 7 0.915 O. 907 O. 008 - 0.001 
.-t 8 O. 848 O. '849 ~ O. 001 - 0.010 
... 9 O. 914 0.913 0.001 - 0.008 L!) 
("<j 10 O. 841 O. 827 O. 014 O. 005 ....-l 
II O. 809 O. 798 O. 011 O. 002 
I 12 O. 806 O. 792 O. 014 O. 005 
I 13 O. 833 O. 804 O. 029 O. 020 
14 O. 825 O. 809 0.016 O. 007 
15 O. 777 O. 765 0.012 0.003 
16 0.790 O. 773 0.017 O. 008 
17 O. 805 0,--770 O. 035 O. 026 
18 O. 769 O. 754 ! 0.015 0.006 
19 O. 723 -0.724 ! ~ O. 001 =0.010 I 
-
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Appendix C. Conhnued 
-
Uniformity 
coefficient 
Difference Deviation 
Test Regular 5 =ft offset 
no. Xl Xz -D = Xl .~ X2 d = D = d 
20 O. 959 o. 963 ~ 0.004 ~ 0.013 
21 O. 953 o. 949 O. 004 = O. 005 
22 0.915 0.916 pO. 001 =0.010 
23 0.823 O. 820 O. 003 ~ o. 006 
24 O. 826 O. 808 0.018 0.009 
25 O. 884 0.871 0,013 O. 004 
26 O. 928 0.933 .~ 0.050 = 0.014 
~ 27 0.856 O. 857 ~ O. 010 ~ O. 010 
--0 28 0.915 o. 924 ~ o. 009 ~0.018 ("I') 
,..-4 29 O. 881 0.886 ~ 0.005 = 0.014 
30 O. 820 O. 815 O. 005 = 0.004 
31 0.818 0,,806 0.012 0.003 
32 O. 867 O. 851 0.016 0.007 
33 O. 885 O. 886 ~>O. 001 = 0.010 
34 0.820 0.818 O. 002 - 0.007 
35 O. 797 O. 789 O. 008 .~ 0.001 
36 o. 803 0.786 0.017 .= 0.008 
37 0.786 O. 788 .- O. 002 = 0.011 
38 O. 756 O. 750 O. 006 ~ O. 003 
39 O. 948 O. 948 O. 000 = O. 009 
40 o. 947 O. 949 ~ 0. 002 = 0.011 
41 O. 857 O. 890 ~ O. 033 ~ 0.042 
42 0.812 O. 827 ~ O. 025 - 0.034 
43 O. 848 O. 867 ~ O. 019 = 0.028 
44 0.910 0.917 ,~ O. 007 = 0.016 
45 0.866 O. 862 O. 004 = O. 005 
46 O. 745 O. 742 O. 003 - O. 006 
,..-4 47 O. 808 0.810 O. 002 ~ 0.011 
... 48 0.782 0.758 O. 024 0.015 
'" ("I') 49 0.725 0.718 O. 007 = 0.002 ,..-4 
50 O. 709 O. 693 00016 O. 007 
51 0.716 0.688 O. 028 0.019 
52 0.686 0.655 0.031 0.022 
53 00622 O. 585 O. 037 O. 028 
, 
54 0.692 0.665 O. 027 0.018 
55 0.712 O. 689 O. 02,3 O. 014 
56 0.691 0.649 O. 042. 0.033 
57 O. 546 O. 524 0.022 0.013 
Appendix C. Concluded 
Uniformity 
coefficient 
Test Regular 5 ~ft offset 
no. Xl X 2 
Total 47.040 46, 552 
Mean O. 825 0,817 
Squared deviation~ SD 2 ::. 00 0118; Sa2 = 
Difference 
D=X 1 ~ X 2 
O. 506 
d::. 0.0090 
fO.Oll8 
57 
99 
Deviation 
~ 
d = D ~ d 
O. 000 
= O. 00021; 
Sa ;:: V O. 00021 = O. 00455; t ::. = O. 0090 
O. 00455 
= 1. 98; d.f = 56 
Probability of 95% for t::. L 98~ d. f ::. 56; eu (5 -ft offset) = eu (regular) 
+ tScr 
therefore: 
e u (5 ~it offset) = e u (regular).± (0. 0045) (1. 98) 
e u (5 ~ft offset) = e u (regular) ± O. 009 (1) 
Equation (I) has a 95 percent confidence intervaL 
100 
Appendix D 
Sample analysis of percentage of can-catch of the mean for test 
No. 139 for deterll1ining percent of area receiving less than a given 
percent of mean. 
Spacing: 50 x 50 ft 
, , 
i Test No. 139 
I 100 (If?:l) 
! 
Can·-catch Mean 100 (ccs/m) 
I n (pe~cenn ccs (m) (percent) 
~ 
I 1 4 70 118 59.30 
-....-. 
2 l 8 14 lI8 62 0 70 --I--~'~'~'~--
3 12, 89 I ~. 8 75.40 
, 
'"-"-_ .... r--'--~'~' -~-
i 4 16 91 118 77. 10 
i 5 20 92 118 78.00 
--r-' 
I 6 24 96 118 81.40 
1 7 2:8 96 li8 81.40 
. --~~- ,-.. ~~.......--- f-. . 
8 32 98 11 R 83.00 
-~~--
9 36 102 118 86.40 
10 40 104 118 88. 10 
11 44 111 118 94.10 
12 48 114 ll.8 96.60 
13 .52 118 118 100.00 
14 56 121. .l18 102 .. 50 
15 60 121 118 102.50 
16 64 l2Z 118 103.40 
17 68 123 118 104.20 
-
18 72 123 118 104.20 
19 76 1,38 118 116.90 
20 80 141 118 119.50 
- 21 84 TL54 118 130.00 
-
-~ .. 
22 88 156 118 132.20 
.. ~~ . 
._~ _. ·_~ __ ~c_ 
~-~~-~~ 
23 92 160 118 135.60 
~~-~--.~ .~ .. -~. __ .~_~_~~ .. r= 
I 24 96 169 118 143.20 
-"'" •.. ,-' ,~--",,,,,-,~=---~~- -~.~--
25 100 l70 :l8 144. 10 
-
--"",--,-,"-,"---,- ~-.~~. ~~~~~ 
